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• \Ve]}e waior a porfi^at^v non-viscons, iiK^a^tic fluid, wlirino particles, 
'^len in nK)Lif)n,^ilwavs followed sensibly piifallel paths, Jlvdraulics 
woidd h(! one of the iikksI exact of the seicaiet's. 

]]ntl*\vat(4‘ satisfies Jio^ie of these conditions, and the j'oault is that in 
^he inajority of cases Itror/^ht Ixdore the en<i;ineer, motions and forces of 
such compl^^xity ar(! hitroduced as hallh^ all attmnpts at, a I'tgorouib 
solution. ^ 

This h(*inf^ so. the best that can he done is fo discuss (Xich ])henomenon 
on the assnin[>tion that tin* fluid in motion is ])erfect. and to modif>*the 
results so obtained until they lit the result* of expc'i-inumi, by the intro- 
duction of some em])irical coiisiant which shall involve the effect of every 
disrej^uirded factor. 

It is worth wdiile hen; impic ssin;* on the student of the science that, 
•ip^from these exix)rim(mtaliy-dodue(*d eoiistants, his theoretical results 
are,^ the Ix'st, only approximnlions t(> the truth, and ma^’, if car(;^h(> not^ 
taloui in their inter])reiati(m, h/‘ actually misleading.' 

On the other hand, it may he wadi toaiisw'er the criticism of those who, 
would cavil at such theoretical treatment, by pointiag out that the results 
so obtained lu-ovkle the only rational framework on which to erect the 
more complete structure of hydi'aiilics. 

In the following ])a.gos an attempt has heen^nado to consider the 
science, and its application to tlie design of Hydraulic ^fachinery, in a 
suitable for a student who lias some iiutial knowde.dge of 
iifechanics. 

While 4 written prin^irily with the needs of a student in view, it is, 
lioxviver, hoyiid that the book may prove of valm^ to such afl ilre actively 
engnged iii^fthe jiractice and jirofession of Hydraulic Engineering. 
Altlpuigii jt has not Ikhui attempted to ^3lude the largely imaginary 
(tifSculU.^s of a iiTathematical treilment involving s(Vno knowledge of the 
Differential and Integral Calculus, the knowledge of this subject which 
IS aeTcssary for a thorough grasp of tlJo greater part of t!^ book is very 
slight. 

Where, as in somli few paragraphs, a sorae't^liat nioiie extended 
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mathematical kn^wiocrgc ib re(/uired, the work is sncli as ma}’ safe]yji)e 
left by all hut the inhre i^dvi^ iml Miulenl of the siihject. 

In the section (IoVoUmI t(l Hydraulic. jVIachinery, it has Aot been 
attempted to di'al in iiiiy way exliaustively willi the siiljjiyt, aiul onl>^ 
► such machines have l)(Tn i'hislrated* 'r dt*scril)ed as are typical of their 
class, represent ^nxal modern dcsi^'n, and illustrate some deliiiite ])i‘inci])le^ 
of construction. F<*r man\ of these ilfustrations the Anllior is iiideMetl 
to the mainffactiirers, and wfiile rehjreiu'.e iia.s been made to tluxse in th(^ 
text, he would take UiiH*o}iportunity otthanKin;^' then) ^collectively for tJpE* 
help which tlipy liave, so courhi«*'isly tendered. ^ ^ 

As was essential, r^dei’ence has been fr(‘ely m^de to the mij^utes Of the 
j'roceedin^^^s of the various Enidis^h ami Ameticau societier, and to th^ 
J^n^dish and (h-rman te-chnical as well as to standard works on 

the subject. Of lhes(' i. e Author is particularly Mi'hted to the (’onneiis 
of the fiistitiition of (’i\il *'’.n/.pneei>, the Instituliim of Mecliaiii.'jil 
Engineers, the Anu'rif'an So<det\ of (avii l'!n<.hneer-, tlio /rdsdtnj! /Ics 
] ’er€ivs (Irulsilicr Iiifit'itirinr. '.’//#• A/a/oov r, and i ithi. 

The fjfreatest (h'ht of all is, ho\V(-ver, ow ni}.M > the leachinps aaul piih- 
lished papi'rs of his old profe: sor a|id sonu' linj(‘ chief, Oshoine Ih'ynolds. 
Old htudeiils of tlu' rrofess(U’ will rdadily |•eco^mise to what (;' tent any 
slight merit which the hook may possess is dii(, dirt‘ctl\ or indirt' dyp 
^to the I lienee of one. to whom the science of Hydi’anlic.-. owes so much. 

In |‘onclMsion llu' Author would lender*hiB thanks lo jMr. S. ('ha])man, 
,to Mr. E. Magsjui, find t(» M^r. (h II. Lander and Mr. E. hicMoiM, of the 
Manchester Universitf,', each of whom ha.s revised a portion of the proofs 
and to whos('. kindly criticism and auggesLioii the boitk owes much. 


M.XNCH IvSTEX, 

Fehuary, il>U6. 


A. 11. GIESON. 



PREFACE 10 SECOND EDITION 

Si^^E tlic first etliiioi of tliis work appeannl, a ^reat di^al of work haa 
boon clone on tbe experi^iental sicki of llydraulies, and as far as possible 
rSlK•lV^^ork has l)(H;n noiotf in the present edition. 

The ])0()k lias becai ])racti(*ally rcwi-itten. Muelj of the original matter 
lias b(^en re-arranged ; sonu', has been deleted ; .aid considerable additions 
have bi'cn nia.de to almost every section, ])articularly to those dealing 
^^iih flow over weirs, tbroiigh pipers, and in open channels; with mefliods 
of gauging such Hows; and with the nicrhanical applications of Hydraulics. 
\ chapter di'.aling witli W'ave motion has been added, as have articles 
dealing, among otlier subjects, wdth the flow' of fluids other than water, 
tlie admixture of fluids in ])ipes, and the interaction of passing vessels. 
\»ich errors as liave been noticed in the first editioi; have been 
corrected, and tlui Author would thank those rcaiders wbase kindness an^ 
courtesy in intimating these, has made their elimination largely possible. 

A. II. GIBSON. 

I'l'MlEK, 

October, VJV> 
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l.lSr OL' SYMBOLS AS GKNERAf^.Y ADOPTED 

1 » 

j HRouGHour the jjook 


Wlurc, fov ((iitf reitAon, t/ffn uointion haa been departeil from, speria! notice is yiiwn. 
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(-oolliitiont of friction (in pijH' How'. 

Angular velocity in radiuna per second, 
liidiiis in finit. 
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Lmigtli in feet 
llidruulic mean depth. 

Slope of a channel. 

j He id in feet of water. 

pD ssuro— usually in lbs. ])er squai’e foot 
Weight of 1 cubic foo* of water = 62 '4 lbs. 
62'2 fppt per second jmt second. ' 

} nsity of water = W y. 

Quantity in cubic foot per second. 
Coefficient of viscosity. 

Efficiency. 

Work done. 




HYPRAULfCS' AND ITS 
APPLICATIONS 

SKCTION 1. 

(’IIAITEI: I. 

- IIisIdiic.iI I'IivshmI I’lopnlics of W.iNt r’.impir.ssihilil \ 

<'>'ln'Mnri -A«lli<“vi<'n - ( ii_v — >iii 'm •• T( ii-.ion \,sioM(y. 

Jn'iiioih ('rni;\ -- Pu\mc\l riiopKifinos ok \Vati;Iw 

Ai:t. 1. — Ih [)KoMF,<'ij vNics. 

• 

Thk science wliicli denis h\juj/sat re.^toriii met ion niiiy Ih; rliviiled 
into (wo ItriiiK'lies: Hydrostatics, wliicli deals with (lie (‘(|iiiiil)nuiii o( 
!i<imds ;il ^e^i; and Hydrodynai^ics, which dealh wi(,h the ;»rohl(')i#. (tdii- 
necT'd with IJieir motion. The torm Hydraulics istisiiallx broadly ap|>lie(l 
that portion of th(‘ latter hramdi wdiicli deals with t)i(‘ motion of water 
in su far as this is of importance in (he. proldiaiis hroii^dit directly under 
1 he 1 ' 't ice < if (Ik* eiif^mie(‘r. 

A knowlediT^e of tlm fiindaimaitals of 1 l\<lrosta.l ics is, however, so essiaitial 
to a tlmroii^di f^rasp (»f lh(' jirincijdes of 1 1 \ di odynaanic^, aanris of such 
direct im])orlance lo th(‘ hydraulic en^nneer, that a tn'^tise, on Hydraulics 
wa'itld not be complete without some preliminary I reatmenl of ( liis *lu-a,nc.h 
of (lie sii])^ect. 

Tlu^orif^in of llu' science is of preat aiitiijuity, and iKtattemjd will Ihi 
made; to pive detailed historical irmnni- of jis piowth. Some hnv of ihe 
principles of^l lydi’ostal ii'S wi'n; eiiiinciati'd hy Archimede,^ ( i’..e. iioO), aii<l 
j( is*a rojijaVkahle ^n't that for J,S()() years fr^nK<?iiis dal(‘~- until tlu' lime 
of SteviiiLis, (iulileo, and Torricelli — piractically no fifrthej' pi’opress was 
im'ic,* 

J lie constriu'lion (d the (dah(»rate secies of aijiieducts a*iid of servici; 
pipes for su[)])lyinp JluiiA; with water ind(;e(l shu^s Iluft tlu; Homans 
possi^Bed some knowledge of the properties of water when rest and 
inL 
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iphen in motion in pi{)e8 aid open channels, but we have no record that 
%i8 knowledge was based ol any ^juantitative laws. * 

- A treatise by SteViniis, written about 1585, would api)^ar*to^ follow 
iiidtorically that of AnSiimedes. In this the iiietljoff of obtaining the 
pressure of a liquid on the sides and %is| of a containing vessel was firsf 
demonslraiud. 

Galileo, in a treatise jiiiUlisiied in MWI, discussed tlu', Hydrosttific 
Paradox aird also the liwtation of bodies in wat^r. • 

Shortly afterwards Torricelli made tfii important investigation into the 
behaviour of*a jet when issuing V‘'rticallyfrom afi orifice, while, since the 
middle of the seventeentli century, numerous iwvostigatnrs have 'been at 
work deducing by experimental observation artd theoretical reasonijig tlie. 
laws governing the various manners of motion of liquids, and applying 
these laws to the devel^mient of the science of Hydraulics. Of tliose 
experimentalists perhaps Mariotte, Bernoulli, and D’Alembert, with 
Pofeeuille, Darcy, and Bazin in France ; Kankine, F^oude, Osborne 
Reynolds and James Thonmui in England; Eytelwein, Weisbacli, and 
Hagen in Germany ; Venturi in Italy, with Francis and Hamilton Smith 
in America, are most worthy of note. 

In spite, however, of all the work Which has been so ably accomplished 
by these and other observers, Hydraulics cannot yet be classed as an exact ^ 
soienc^^ 'rtiejaws governing many of itr phenomena are still imperfectly 
understood, and the difficulti^- chiefly analytical-- to be overcome before 
all the disturbing factors can be taken fully into account are very great. 
In such cases, experience, based on the results of experiment, forms tlie 
only safe guide. In other cases, however, the deductions of theory 
are found to be perfectly in accord with observed phenomena, and an 
attempt wil) be made Li the course of this work to indicate to what extent 
our knowledge of the forces controlling any phenomenon is sufficiently 
accurate and comprehensive to enable theory to be an exact guid«e, and 
where, on the ot^herhind, theory, based on insuffic’ent data, is only useful 
as indicating in w.hat direction a true solution is to be found. 


\rt. 2. — Physical PaopEimEs of Wateu. 

^ ' , ■ 

In its pure state, water is an almost colourless, transparent, ddourless 

liquid, and one of the best solvents to be found in Nature. Its maximum 
i^ensity occurs at 4° C., or 89*1^ F., and under atmospheric presstiEe it 
ifreeses at 82° F. and boils at 212^ F. The fiaeji^ing point is lowered, and 
boiling noint raised by an increase in nresaure. the onnosite beino fcruA 
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of a reduction of pressure. The specific^gn^it^ift maximum density is 
uniV, and the specific heat varies slightly yith temperature, increasing 
from rOOD aj 32^' F. to ] *013 at 212^ F. • 

The*latent heat’oyusion of ice at 32"^ F. is alnfat 142 B.T.U., while the 
latent heat of evaporation at SfI" §1 is 960*0 B.T.U. 

^ Weight of Water. -Anthoriti^ difTii* as to the precise value of the 
weight at maxihium density, the lowest valiie,given being about 02*379 lbs. 
^)er cubic foot and the Ifigliest 02*425 Ihs. Tlig latter valiw- that of 
Sankine - is coimaonly adopted •as heiiig most nearly correct. The 
following table, calciilateil from Rankine’s formula, gives tlfu weight per 


rr^mn. 



Wrio|i( per ! Tonip. Weight per 
(.tildt limt. Falu. ^ cuhir foot. 


32" 

I 02-42 

SO" 

40° 

62 42 

9(P 

50^' : 

62-41 • 

Kur 

GO^ 

62 

110' 

^7(,o i 

62-;ii 

120° 


62-23 

, 130- , 

61 w6 

62 13 

; 110' i 

61 37 

62-02 

J 

Oils 

61-80 

160^ i 

1 

60-1)8 

61-71 

' 1 
' ! 

60 77 


i 


ISO" 


60-55 


il)(r 


60-32 

t 

60-07 


210 " 


5982 


*cubic foot at different temperatures. At 212'* F. values by different 
experimenters vary from 59*50 ll^s. to 59*81 lbs. Above this temperature 
the exact values are not so Well known and are unimportant to the^ 
engineer. For the jmrpose of all calculations relating to Hydraulics it is 
sufficiently accurate to take the weiglit per cubic ioot at 02*4 lbs., more 
especially as the water with which the engineer has to deal is never per- 
fectly pure, but contains more or k^ss of the soluble salts. Unless 
otherwise stated, the above value will he ad(H)ted throughout this 
treatise. 

The^density of sea water varies slightly with the locality, but is about 
1 ^264imes that of fresjj water. Its weight, at the tef ipei^tures commonly 
met with in practice, may he taken as 04*0 lbs. per cubjc foot. 

CoAi^ressibility. Water is very slightly compressible, the compressi- 
bility varying with the temperature and with the amount of air in solution. 
Wljpn purg,»the decrease in volume 8 V, duetto an increment in pressure 
d P, of me atmdftphere, decreases from *0000516 J;o *0000412, as the 
temperature increases from 82"^ F. to 140j; F. (Grassi). 

This gives values of the hulk modulus K, which ecjhals 

^ 0 •* ft V 
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varying /rom 284^00 wQSOtOOOf lbs. per square inch under this tempera- 
ture variation. As the ten^eratdre is further increased the modulus /v 
diminishes to 819,000 lbs. per‘ square inch at 212® F. ^ Its^mlues^ over 
the range of temperaturSa experienced in practice, arQ as follow ^ ^ 


Temp. F.® | 

' « 

32® at' , 

«t ■ 

SO” lie ' j , SO" i ^ 

K (lbs. per square iiieli) 

2, SI, odd 1 21)5, Odd 

j 1. , 

:td:i,d()d j ;»i 1,000 3io.()(y> ! :l’S,ooo :i:;r.,()oo 

. _J ' 


c ----- - ^ 


The mean value may be iahen in round nunjibers as IIOOJIOO K)s. pei^ 
square inch or 48,200,000 lbs. per square foot. 

The compyessibility is so slight that in all practical calcuhitiona* con- 
cerning water at rest or iy a state of steady motion it may ha assumed to 
be an inconipressible iluid. Tn certain important phenomena, however, 
notfibly those involving a sudden initiation or stoi>page of motion, this 
compressibility hecomos an important, and ofhiu tho predominating 
factor, and in the treatment of such cases the above mean value of K will 
be adopted. 

In such cases it should he noted that it is the ratio of tho bulk modulus 
to the density of a liuid which forms the true criterion of its compressi- 
bility or elasticity, as it is this ratio wliiclj governs the wave pro])agation 
on which such phenomena depend. Instills respect air is only about 
eighteen times as compressible as water. 

At ordinary tempera, turcs and pressures, Avater is capable of dissolving 
^bout 2 per cent, of its own volume of air. As the temperature is raised 
part of this is liberated. Tho volume in a saturated solution under a 
piljBBSure of qne atmosphere is approximately as follows^ : — 


‘ Temp. F.® 

82® 

40® 

eo® 

i)0® 120® 

ftVJT'' 






s* 

f • 

Percentage volume of ay in solution . 

2-88 

2’5(> 1 

jr 

2-10 

1-78 1-611. 

1*49 


At a given temperature the volume of gas absorbed is- sensibly inde-, 
pendent of the pressure^ ^thV.t the weight absorbed is pi;oportiohal to fhe 
pressure. Any reduction in pressure tends to liberate part of the air, and 

, • From Landbolt and Bornstein. Grassi, “Annalesde Chimie et PhyBique,” 1851, 

487, gives lesults which are in close agrec^ient with the^e. 

A. Winkler, “Ze^ts. f. Jhys. Chemic,’* 1892, vol. 9, p. 171’, and Bohn and Bock, “ Wied 
Aiin.,*^1891,voK48,p.319. 
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the hissing which is so often noticeable inijetlWimps and injectors, or ‘ 
where water is escaping at liigh velocities j^isf the rdfetricted alrea of a 
vafve seat, is cluci to the reduction of pressiire and subsequent liberation 
of bd)bleR 8 f aif, which occurs under those circumstances. The trouble 
w’hich is experiencefl *in keepfii" tli^ air vessels on the delivery side of a 
pump charged is due to the l»eility,witb which^water dissolves gales 
iViiler high pressures. * ^ 

^ Ice Formation.— In stjl water, under normal^conditions, ^when ice is 
formed this existf? as a surface layer. In very cold climates, in addition 
to existing in the ordinary surface form, ic(i is found in the Aorm of anchor 
fee ami of f^^azil. Anchor ice consists of an agglomerated mass of coarse 
crystals clinging to the l^d of the channel and formed there by loss of 
heat by raiiiation, the cooling of the bottom thus produced causing ice to 
form. This can only occur with a clear sky and where the surface ice — 
if any-~is transparent. Surface ice will in general effectually, prevent its 
formation. It is usually found in rapid streams, where surface ice cannot 
foriii. , 

Frazil consists of fine sjiicular ice crystals floating in the water and 
formed by slight supercooling below 82 '’ (probably about ‘OOP being 
sufliciont). This adlieres to the sm-face ice and to the anchor ice, and 
• may finally choke up the stream. In engineering wiirk frazil ice is par- 
ticularly objectionable, as it adheres to the racks and strainer^ and to the 
gates of a turbine, and if, dne to exj^osuro to air, theslo are slightly* 
supercooled, fniozos into one solid mass. 

In common with all other Ihpiids, water also possesses the properties of 
Cohesion, Adhesion, and Viscosity. 

Aut. 8.— Cohesion 

is that property of a liipiid, or solid, which enables neighbouring 
. molecules to resist any stress of the nature of a tension. Adhesion is 
iAat^property which eyiahles it to adhere to a solW body with which it 
may be in contact. Thus a drop of water exhibit cohesion in its 
hanging together, and adhesion in virtue of its clinging to a solid body, 
the force of ^gravity being ovcu’come both by cohesion and by adhesion. 
Bojib pRfjiwmena are duo to molecular ^at^ictioii, cohesion between 
neighbouring imllecules of the liquid, and adliesion, between those of the 
solid and liquid. A consideration of^the molecular theory of matter 
ilfftiCates that if a is the distance between any two niolecules, their 

mutual attractive force *18 Itpproximal^y equal to ; ai»l it follows 
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^ yise in temperaturSybyipcr^asin" the molecular distance, diminishes 
Jboth cohesion and adhesioiK • ^ 

; Their relative values vary for different combinations of sobd tftid liquid, 
the adhesive force being greater than that ‘of cohejjioh when the* liquid 
wets the solid and vUr nn'fid, Als(A^ tip adhesive force, unlike th'at of 
cohesion, is found t^ vary largely will/ the time of contact, increasing 
within limits as this is in^yttased. * f 

That water, under suitable conditions, may Vjxist in a state of tensile 
stress may be shown in many ways, aifd ex]>eriments ^ ^how that this 
attain consicKjrahle proportions. For example, ‘Achard and Gay-Lussac 
each obtained values of about 1,024 lbs. per stjuare foot, #iile 5)ufour^ 
succeeded in raising water, in the spherical s<,ate and exposed to ^tmo-^ 
spheric pressure, to a temperature of F. without hoiling! Since this 
corresponds to a vapour j)ressure of 182 lbs. per square inch, the cohesion 
must^have attained this value for rupture not to have taken place. 
This high value is probably due to the absence of dissolved air at this 
temperature. ^ 

With water in bulk, the great difficulty in demonstrating cohesion js to 
get it into such a state that it may he exposed to a direct tensile stress 
over any appreciable area. ‘ , 

The method of rupture, as it commonly occurs, may be likened to that' 
of Bf sheet of paper by a tear extending from one edge. Could the water 
be brought iiitio such a statu, that its rupture was similar to that of the 
same sheet of paper when pulled directly into two parts, the effect of 
cohesion would he more strikingly apparent. Such an action, however, 
involving the simultaneous rupture over any appreciable area, is 
extremely difficult to procure except where the water exists in the state 
of a film, a^jd on this uccount the effect of cohesion on the behaviour of 
water in bulk is negligible. Its importance to the engineer is then 
confined to its effects as shown in the phenomena of capillarity and /surface 
tension. 

That the idea ^of coliesion is not incompatible with the c3xceeding 
mobility of the particles of water may be indirectly demonstrated by the 
behWiour of two iron surface plates wffien brought into contact. Here, 
if the plates are clean, the Resistance to sliding of one over»tjji6 oth^ is 
very small, while tliq. force necessary to overcome cohesion and to separate 
the plates by normal motion is j^urprisingly ,great. 

> iTor an account of some e.’ipcrimcnts ^(jn cohesion, see a paper hy Osborne IteynoJds in 
l^hroceedings of tha. Manchester Literary and Philosophical Styciety," 1880 — 1 . , •' 

• Max well V* Heat,” p. fe9. 
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The phenom^on known as Capillarity, whiih adpears in the t6ndeae| 
of «. liquid *to rise or fall from its norinaV lyeh in a tube of fir;e boi^ 
according as the liquid does or does not wet fhe. tube, would appear to he 
due k) cohifeion* and adhesion; while it is j)rob[ible that cobeeiot] 
between the surface molecules of liquid gives^rise to Surface* TeiuM] 
the property of a liquid which it the appearance of having an elaetic 
*s^yi at its su^ace of separation froin a gag, or ffom any other liquid. 
Experiment shows that t]je tension in any sucR surface film is everywheri 
|he same, and that tlie tension across any ima^nary line in the surface 
IS normal to that line. ^Also the tension is independent of the curvature 
©f the surface ; decreases with an increase in temperature ; is constant 
for a given tempeu-ature, fqr the surface of separation of any particular 
liquuf and gas, ( r of any two given liquids ; and for any given liquid and 
solid in the presence of air, the angle of inclination, a, of thfe surfaces ifi 
constant. 

Thus, for water and glass at a temp, of 68° F. . . a = 25° 82^ 

for mercury and glass . a = 128* 62' 

while the surface tension, expressed in poiftids per foot run of the line oJ 
contact, and at the above temperature, has the following values (froua 
Quincke’s experiments) : — 

For water and air . . . T = *005548 lbs. per foot 

For mercury and air . . . = *08698 ♦„ 

No satisfactory explanation y! the precise nature of surkce tennioh has 
been formulated. Beyond doubt, however, it is a molecular phenomenon, 
and is inseparable from that of cohesion, the intensity of the one probaMj 
determining that of the other. ‘ 

Many theories have been educed to explain the phenomena oi 
capillarity. Of these, the two which have been most generally accepted 
are due respectively to Poisson and Young. Briefly outlined, the formei 
assumes that when a liquid wets a plate the attractjpn between the layfii 
gl n^oiecules in intimate contact with the plate and the pla^e itself ii 
greater j^haii the intennolecular attraction of the liquid.* The moleculai 
motion of the molecules forming the surface film is thus reduced, whik 
in consequence of their greater freedom, that of the molecules immediately 
distant irqfn. this film is increased. The density of this secondary lay^ 
of fluii ^8 thuB«reduced below the norm!il,fl(lnd the resultant upward 
pressure of the surrounding fluid causes it to ristf up the plate until | 
of statical equilibrium is attained between the cohesive forces and 
the action of gravity on the supported fluid. 

Where a liquid does *nof wet the plate, the density cif this 
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film is increased by^^e luolecular action between tW plate and fluil, 
with aiConsequeMt fall it #ie Surface level in the immediate* neigh bgDur- 
hood of the plate. That tliis variation of density actually qpeurs* has 
-been indirectly proved^ in other ways, while results* obtained ^by the 
application of this theory are amply confirmed by C 5 ?periment. 

The second theory attributes the pfte/omena to the action of a series of 
surface tensions, wlficli are assumed to exist at every siyface of contadt, 
of any liquid or gas with Sny solid, and also at the surface of contact of 
any liquid with any other liquid, or jvith a gas. Thfjs at the common 
line of intersection of a solid, liquid, and gas^i.6., at the line passing 
through P (Fig. 1) and perpendicular to the plane of the papjr, three 
surface tensions, of intensity 7’^,, and Ti, per unit length of this line, are 
in existence. For equilibrium then, their directions and magiytude^^till lie' 


« 



relatecTaccorcfing to the ordinary laws ofestatical equilibrium. Thus for 
contact with a plane surfa(^ we have — 

*- ^ f.s “b •f al ^t)S Clj 

■ and the angle a will be acute or obtuse according as — Ti^ is positive* 
or negative. 

If 9 = 0 and for this, and all greater relative values 

of the fluid will immediately spread to cover the surface, the effect 
beihg as though th6 liquid were pulled outwards in every directioi^by the . 
tension the resultant of the tensions 7\« and being insulfici«nt*to 
resist this motion. On the other hand if Tas — Ti, is negatiH< 3 , cos a is 
negative and the angle a is obtuse. If Ti^ — 7’„, = a = ISC'*; and 
the'liqud, if in sufficiently small masses, assumes the spheAcal state, t 
On these assumptions, Justified in so far as the results obtakijd by their 
application go, the variolis phenomena of capillary fiction easily lend 
themselves to mathematical treatment, 

" Bise of LiqtV'd in a Capillary Tube.— Let h be the height of the h^d t 
in the tube, of diameter d feet, mi let tv be the weight of unit v'blume of 
4h^ liquid. ^ Here /< is^ measured to a horizontal plane tangential to |hje 

If. ' 1 . . •'* 
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cuiTed Biirfajse aii in(^ top or tne column jyjet K = the (small) 

volitoae of liquid ^bove tliis plane. 

THe height of the column when in a sjiate .of equilibrium may be 
deduced from^ the •principle of virtual work,^ i.e.^ by equating the work 
done against gravity fn any small vejjtical displacement of the column, to 
that done by the surface iensionsl^ ^ 

If,5 X is this displacement we have, for equiiibriuA 


ifri, — Ta,)'ndh;r-^n' 
. . 4 


.y.? + r! 


( -1 

-*r„) 


= 0 


],•= 


b — g! 

w d 


Hut I fjg — 1 ~ d gi cos CL 

4 y 

In general T is very small, so that with- 
out sensible error (1) may be written 
,. = 4 '/' cos a 

w d ^ 

Similarly it may be shown that the 
vertical rise or fall between two ])»rallel 

plates at a distance d apart = ^ ^ (3) 

It is with the former case o^ capillary 

action that we are chiefly concerned in hydraulics, as affecting the 
accuracy of ineasurements of pressure in a liquid^ when these depend 
upon the height of a supported coluiiin of the liquid. Thus with a 
piezometer, in which })resHure is measured by means of a water column, 
the artificial elevation of the pressure column by c}ij)illary action at about 
68° F. is given by 

, 4 X *005548 cos 25° 32' , 

h= ' . . feet. 

62*4 d ( 
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* M<^’C sinTply, it may be considered that the whole weight of thcwsnpported column is 
carried by the surface films, and (hat this wei>,dit i.s equal to the vertical component of the 
surface tension, fl'his leads, as before, to the equation 

ir d , T cos a = wvd^ , 

, 4 7’ cos a * o 

jiod 

«Mi ^ 2 y 

With^litjuid in its spherical state we have 2 ir r y = » r* ovp = , giving;;, the excess of 

Internal over external pressure, f Thfis with small \^lue8 of a comparatij^eljr small value Of • 
y may be accompanied by a large value of j;. 
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If rf be measured ini^cl]|s, this artificial elevation in finches is riven by 

^ / ;04021 . , 

^ n - niches. 

• ^ 

In the case of a mej’ciiry column, taking the specifitj grtfrity of*mercury 

to be 18*590, wo have cos a = — *^271) • • 

, 4 X *0809^ J-0270 X 144 . , 

h^pz . # inches 

• 02*4 X 18*090 d 


•*01570. , 

=i — , inches 

d • 


whore d isjneasured in inches. 

The negative sign here indicates that the surface of th^ merociry 
Column is depressed below the level corresponding to the statical pressure 
alone. TIk'. following table gives values of h at 08^' ¥. ciyTespifnding V 
various tube diameters. 


])iAMicTU5U OF Tube in Inches. 



•02 

t '04 

•oo 

•08 

•10 

•I2:» 

•15 

•20 

’2o 

.'30 

•30 

h in 

Water in glass 
tube . 

2-yi2 

, 

•Wl 

•.*»78 

•4G2 

•370 

•3tJ8 

•231 

•185 

•ir>4 

•002 

1 

inches 

• 

Mercury in 
. ,s|lct8s tube . 

'788 

1 

•203 

^!)7 

• 

•158 , 

•120 : 

•io:> 

070 

•003 

•0.>3 

•032 


Evidently then,^ tubes of small bore — below about *8 in. internal 
diameter — are not advisal)le for use in such pressure-measuring apparatus, 
especially where small pressures are to be measured, ♦ except where the 
difference of heighten two similar tubes is used to indicate the pressure. 
Here the effects of capillarity, being the same for each tube, neutralise 
each other. AgjWn, since the specific gravity of mercury is 18*596, the 
proportional error |introd need by neglecting cfy^iillarity in the case^f a 

mercury coluuvi will be = 4*68 times that introduced 

*04b24 • 

vith a Vater column, and will be in the opiiosite direction.^ , 

The effect of surface tension in liquid in motion ma^ be s^'ikiiigly 

shown by allowing t\v(^etS of water, moving steadilyfin the ^a^^ne slTaighi 

1 Lack o£ space pivvonts any further investigation into the properties of stfrface films, 
These are, however, e.\cept in so far ^s they affect the stability of jets, only of sfijjjjljjgJpipor' 
lance in hydrfulics. For further information the reader is referred to anj, texfboofe o1 
physkw or hycjfostatic^, or to the Urticle on Oaf ilia jy Action in the “ “Encycl^iiwdft 
.Eritanuica 
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line and in Qpposlte directions, to meet. No p}lai|p occurs, but a per- 
*fectl;f^ clear and ^eady circular film oi wate# i/ produfted in a Tplane 
perpendicufar to that of the jets, while und#r favourable circumstances 
the diameter oi this may be extended to some feaj before it breaks up 
into a series of detached drops. * 


Art. 4.— VisrosTTY. 


Every ^nown fluid offers a resistatice, analorrous to friction, to the 
rfilativt 4 sliding motion of ffny two adjacent layers, and the phvsical 


property of the fluid to which this 
property — only noticeable wlion the 
fluid is in motion— is the cause of 
all so-called fluid friction and gives 
the fluid the appearance of being able 
to withstand a shear stress between 
adjacent layers. 

The magnitude of this shear 03- * 
(fistortive stress over any plane is pro- 
portional to the rate of distortiyn, 
and hence to the rate of change! of 
velocity with space perpendicular to 
the plane. Thus if co-ordinate axes 
OXf or, OZ (Fig. 8) be taken at 
some point 0 of a stream, and if be 
the distortive stress accompanying 
relative motion of adjacemt layers in f 
a>, the Vilocity in this direction at an;y 


is due is termed Viscosjjy. This 
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* • 

direction parallel to the axis of 
point P, distarrt y from that axis, 


beiifg ctenoted by r, and '4 the velocity in the directimn of OZ is zero, we 
have, at th# point P 



d) 


If a curve, haviri|; ordinates representing values ©f t’, be plotted on a 
base parallel to and if 6 be the an^le which the tangent to the 
3urvfSffli P makes with this base line, the values which /^adopts as y 


mdes will be represented scale by^-the corresponding values of 
tan e. 
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Putting/, = ju —li^h^ooificieiit m is termed the Coffficient of ViscosityJ 

The value of this coellicjent varies with different flilids, and varies with 
temperature for any j)articular fluid. 

For water, experiments by l\)is|iiille Aidicato tfiat it follows the law 

«Ql037ir) 

^ ‘01 0000()H2^'y 

where T is in degrees V!, and the corrospoyding value of the distortive 
stress / is given in ])onnds per S(jii^ire foot. Usings the Fahrcuiheit scale 
and taking the pouiidal and the foot as iii:ytH of force and space, this 
formula becomes 

_ *001197 

“ -I?]*! + T -f -OODOliH-i 1’^' ^ 

With •the j)ound, foot, and degree Centigrade as units we got 
. _ •0000371b 

^ ~ 1 + mim T + -ooo’i^i 

Vhile using the poundal, foot, and degnjo Centigrade this becomeg 
= • __ *00]197_ 

~ r+ •(«!»«« T + -0062iJl T- 

In C. G. S. units, the unit of force being taken as the weight of 
1 gramme, and the temperature in degrees Centigrade, wo have 
_ *0000181 

^ + l-0;W(l!*7’+ 

The following table ideates the values of p for water corresponding 
to different temperatures, / being expressed in pounds per square foot. 


'iVmiHTutiiif. 


I 




Fjihri’iilieit.. 

• 

C3<Mitigra(l(‘. 


32^ 


•00003716 

50^ 

ur 

•00002735 

• 68” 

20” 

•C|p002109 

86” 

30” 

•00001085 

104” 

40” 

•00001376 

122” i 

50” 

•00001150 

140” 



• 

60” 

•oooooon 

-r- 


expressed dimensionally we have n 


But stress 


^ • <‘!l 

force _ inj'ss x acceleration _ 
area ^ area 

f _ 

T~ 


/u is of dimension 


I'i"* 


. Vel. , -t; 

t. = stress X timo 

s[)ace 

il/x M * 

In' ^ 

M 

Li' 
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PHYpCAL PROPERTIES QF WA|ER 

^ Experiment® by llauser indicate that ab^veJp^W’. the viscosity of 
water, Jn addition |to varying with tentperatfre, also increases very 
slightly wjth aii^ncr^se in pressure, and this Vould appear to be borne 
out by the critical velqjjity experiments of Messrs.Mkrnes k Coker at 
the McGill llni's^rsity. It may bein^ted that w'hereas with licjuids the 
^Bcosity decreases with an increase m temperature, witk gases the reverse 
is the* dkse, Resea^-ches by Dr. Grindley and theVuthor show that in the 
case of air the viscosity is ind(^>ondent of the pressure, ^iiid, if temperatures 
are %neasured in degi-ces Ceiitigrad?, increases with the temperature 
according to the law 

jji = {855'5 + •l*l()8 7’ — *00218 7'‘*^| X 10 ft. lb. sec. units, or 
approxi]®y.iely * 

jjL = {858 + ‘082 7’} X 10“'* ft. lb. sec. units 
between the limits of temperature 0" C. and 100 * 

This is as might h(i inferred from tlie kinetic theory of fluids, for layers 
of fluid moving with dilTerent volocities are continually interchanging*' 
molecules by diirusion. Thus the more rapidly moving layers are con- 
♦ inually losing momentum l)y interchange with the slower layers, and a 
continually applied force is necessary to maintain this state of motion. 
Sipce the difiusivity increa,sea with an increase of temperature both in 
liquids and gases, it would be expected that in both cases the viscosity 
would increase with temperature. “ 

It is, however, extremely probabfe that cohesion plays a great part in 
producing viscosity in liquids, and while in gases the molecules exert 
forces on each other by collision only, so that hcre^diffusivity is the 
important factor in i)roducing viscosity, in liquids the greater cohesion 
at lower temj)eratures more than counterbalances the diminished diffusivity 
and hence increases the viscosity. 

Since the interchange of molecules will be proportional to the area 
over whiefe such interchange takes place, the resistance TSo distortion will 
be proportional to this ar(ti. Evidently then if oddies*'are farmed in the 
course ^f a Stream of fluid, since the area over which jnterchange of 
momentum may take place is greatly increased, the viscous resistf^nce to 
motion will also be increased. 

Viscosity, being a jihysical property of a independent of the 

velocity of translation of its particles, and where mcTtion takes place in 
parallel straight lines, the resistance to motion can be directly inferred 
from ^Tinowledge of the viscosity. If eddies are formed, however, the 

t • ^ 


* “ Proc. Roy. Soc.,” vol. 80 A., 1908, p. lU. 
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motions and force^inv^ved are of such coinplexit}|'as tg prevent any 
ittempfc at a sMutioii Iro^i d jmori reasoning based sffiely on a knoWedge 
)f the physical properties the fluid. • 

Although from ili^tdefinition of viscosity, the stresses in different fluids 
under similar circumstances of motion will he proportional to their values 
n, yet in comparing the elfects ot /iscosity in modifying such motion^, 
it is the ratio of these ^’essos to the inertia of the Ihiid which must be 
laken into account. ^ Thus tlie determining /actor is ja -J- p. (Cf. p, XJ.) 
bVora this point f)f view air is a nntch more viscous^ fluid than wateij, as 
will be see# from the following figures. c ^ 



! 

32 K. *. i 

! 

fiO' 1’. 1 

lfH)° K. 

• t 

• 

fi ft. lb. sec. units . 

< iiir 

H.').') \ l()-« ^ 

:{7-2 X 10- 

:57-2 X 10 '' ' 

2;i-t> X i(j-« 

r.'.ITi X lO-s 
no X 10'« 

9 weight, |M'i cub. ft. 

fnir 1 

■ 'J ■ 

2.V1 > 10--* 

L'asxiu*'* 

I'.Ch) 

22-1 X 10-6 

1 1 02o 

u, 

^ ‘ ■ 

lair 

* ' juatcr 

IMo X lO-*' 

X lU-5 

l.VOl X U)-*'' 
Mlt X 10-’* 

i ‘ 

1701 X 10-6 
•727 X 10-6 

U^itio of vitlues of - 

* ^ P 

(air 1 

1 water 1 

^ . , J 

7.17 

1 % 

13-1 

i 

1 

24-6 


W 





From these it appears that at W F. the relative effect of viscosity in 
modifying the motion is practidiilly thirteen times as great in the case of 
air as in the case of water. 

The energy absorbed in overcoming viscous resistance in any fluid 
motion Tmally appears in the form of heat which is dissipated by 
conduction and ridiatiou. 




ilydrcTsftiticf— PrincipftB—Prrssurc I iitensity— TninhinissiliiTi|y of Pressure— Atmospheric 
^ProhHUiT — Pressure (lauf^Ch- Piijsultaiit. Pressure -('enlrc of I’ressure- Etjullibrium of 
Floatiujj; Bodies — Mt%aeeiitiie Height— Ogeilhttious of Bliipf— tSliength of Pipes and 
cylinders. 

Art. 5.— Hvimiostaiics. 

•CoMM^^LY, any substance ^hich, at ordinary temperatures, j^osseBsefl 
in a marked degree the property of accommodating itself to the shape of 
any vessel into wliich it may be placed, is termed i^JlnuL 
Fluids may be divided into two classes ; gases and liquids ; according as 
they are easily, or with difficulty, compressible. « 

Definition of a Perfect Fluid.— Jly a jJerh^ct iluid we mean a substance 
such that the pressure exerted ))y it on any surface with which it may be 
in contacdls everywhere normal to that surface. 

^The laws governing the action and reaction, and generally the statical 
equilibrium, of such a Iluid may be easily deduced from theoretical con- 
siderations. Jlcfore, however, extewding these laws to the case^of s^ch a 
fluid as water, it becomes necesjliry to determine to what extent this 
dilfers, in its essentials, from our conceptions of a perfect fluid. 

From the above definition it follows that with a perfect fluid any action 
of the nature of friction between solid and fluid is impossible, since this 
would necessitate the action of some force tangential to the surface. It, 
follows that there can be no frictional resistance to tke motion oj a solid 
l)ody through the fluid, or to the steady motion of the fluid through any 
pipe or •liannel having solid boundaries, and that in Consequence any 
portTon Cf the fluid mayibe separated from any othe# portion by a force 
however srallll, if applied for a sufficient lengtli of time.^ Further, the 
jierfect^uid is incapable of existing in a state of tension. ^ 

Such a conception is useful, although no such substance as a perfect 
fluid fe Ivnowji*in Nature. All known fluids, iujvirjue of their properties 
of cohesion* and viscosity, offer some resistance of the jaature of friction 
to the motion of any solid surface with wlii^ they may be in contact. 

Evulently then the laws governing the behaviour of a perfect fluid when 
in motion, are not (iiiplicatje, •vithout sonje modification, to water; 
are the laws governing its statical equilibrium applicable to that^of water 
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in cases where, as WJto i|tidy the influence of capillaily action, the effect 
of collesion is great. Whin dealing, however, with watpr in bulk, ii][fi)reg- 
nated as it usually is with* air in solution, the effect of c(^)he^ion may be 
neglected, and when •at rest water maybe considered as satisfying the 
essential condition of a perfect fluid, vk„*that it exerts a normal pressure 
on all surfaces witl^which it may be i» contact. All the laws governing 
the statical equilibrium ^f.a perfect fluid, depending asfthey do solely on 
this property, can tljeii be applied to that cf water, and are included 
among the principles of Hydrostatic^. 

• 

Art. 6. — Pressure at a Point. 

The average pressure intensity over afly area A equals tl^e totj 

* /> • * 

pressure P on the area divided by the area, or equals If the pressure 

varies from point to point of tlie area, and if this be divided into a large 


number n of small areas o A, the pressure 


1 \ 4 on any one of these containing a ^^iven 



2 point being 5 I\ then the limiiing valuo^to 

i whiqh the ratio tends, as n is made 

infinitely large, is taken as the pressurS 


^ intensity — or more shortly tlie pressure — 

at the point under consideration. 

The units in which pressure intensity is measured depend on those of 
force and space. < 

In English practice the unit is usually the pound per square inch, or 
l^r square foot. In the metric system of units the usual unit is the 
kilogram^ie per square centimetre. 

These units are connected by the relationship that 1 kilogramme per 
square cmm. = 14'223 lbs. per square inch. 

I 

Art. 7.^ In a Tjiquid at Best, the Pressure Intensity is everywhere 

THE SAME •at THE SAME DePTH, AND IB THE SAME HI ALU 

* DiiCections. . 

The truth of the first^of ^hese propositions may be seen by^jonsrdqring 
the equilibrium of ^ small vertical column of the liquM of cross sectional 
,area a and having it^ base a^ the depth k below the surface (Fig. 4). 
'Wherever thii: column is taken in the liquid its weight will be th^lBtme 
apd must be balanced by the vewtical upward pressure on the base, which 
^ therefore 1)6 the same. Since the sectional area of the coIum^.|8 
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unaltered, it that the pressure intensity on base must every* 
^’her^ be the 8aiiie< 

If IV is tWe weight of unit volume, or the intrinsic weight of the liquid, 
the weight of tfie column = IV a k . , 

If P is the pressure ilitensity fit |l d^th //, the upward pressure on th| 
base == p a. • 

p fl = IJ' a h, ^ 
p = ir //. • • 

(I •* 

*The pressure of still water againsl^the sides or bottom of any vessel is 
^Mien simply duerto the “ hjad,” or height of the level of the free surface 
tof tthe wa^er above the point considered. Each square foot of the surface* 
at a depth h fiiay be considered as supporting a column of water of 1 
s/juare fi»ot crpss sectional area, and of 
height //, and therefore of weight 62*4 
h lbs. Pj 

Pressure per square " 
foot, per fool of head = 62*4 lbs. ^ 

Pressure per square “ 

inch, per foot of head = *433 lb. 

.*. Head equivalent to a pressure ^of 
l»lb. per square inch = 2*308 feet. 

The second of the above pi opositions 
may be deduced by considering the 
■ equilibrium of a triangular prism of the 
liquid of unit length having its edges horizontal, and its ends perpen- 
^ dicular to the sides. If a h e (Fig. 5) be a cross section of the prism, 
a c I) being a right angle and b c being horizontal, and pi, p 2 , ps be the 
mean intensities of pressure on the sides a h, a c, c 6, we have for 
equilibrium, resolving parallel to the sides 6 c and ea, 

Pa at* = Pi ah sin $ 
pg ch = Pi ah cos 0 W 

P^ttinl ac = ah sin 6; he = ah cos 0^ wo got 
Pa = Pi 

IF 

Pa = pi 4- ah'^ sin 0 cos 0. 

If now the sides ft the prism be indefinitely ^iminjshed pi, pa, and Pg 
>eeome, in the limit, the pressure intensifies at the same point, but in 
iifieiflllt directions. Also ah^, being of the second order of smtll quafttities, 
Sfill vanish, so that in the limit • 

Pi = Pa — p8. 
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*> f 

Ifc follows from y^ese theorems that the free sur facia of still water 5 a 
surface of equ&l pressur^ aifd that all ecpiipotential /urfac*e8 in tli^ fmiit 
are parallel to this. This ^surface is not plane, but isi every w^iere normal 
to the direction of the force of gravitation, and ther^ioreCo the»direction 
of a plumb line. 


Art. 8.— TRANrMiftSTRiLiTY OP Pressure in a Fluid. 

If a pressure he applied to the surface of & fluid, this pressure is trans- 
mitted equally to all parts of the fluid. This may be seen by consideijjng 
a closed vessel filled with water, and fitted r;ith a piston of area A, to 
which a force P is a})plied, producing a pressure intensity ^t tWs point of 


P-r/1. Considering 
supposeVl connected 



any other area A of- the surface, the two may 
by a cylinder of the fluid, having ilnaginary 
boundaries (Fig. 6). 

Suppose piston P to be displaced 
through a small distance x. Then in 
virtue of the incompressibility of the 
fluid, Q will be displaced through the 
same distance. Also, since the reaction 
of the cylinder walls is everywhere per- 
pendicular to the direction of m()tioii*'of 
the contained fluid, no work is done 
egaihst tflis reaction, and in conseqi>ence the work done by P = work 
done on Q, Since the ar^ and displacements of P and are the 
same, the pre8sip;e intensities over their surfaces, introduced by the 
action of the external forces, mast also he equal. The total pressure 
intensity at either P or Q will then be obtained by adding to the pressure 
]<roduced by the foi>'e that due to the weight of the liquid. Altering 
the plane of the pistons at P and Q will evidently not affect the pressure 
intensity on eith<&r surface. 

This property i^ taken advantage of in many hydraulic machmes, 
notably in Pramah’s Hydraulic Press, and in machines of a |ike type. 

In the Hydraulic Press, illustrated diagrammatically in Fig. 7, water is " 
forced ‘l)y means of a small pump whose plunger has an area into 
the cylinder C of the press whose area is A, Neglecting friction, a forc^' 
jP, applied to the plunj^er of the force pump, will then produce a pressure. 

intensity of — in the pump and press cylinder,, and hence a force^i Q == 


P-OM the p-ess plunger. 

.. fl 


A'Varticular case of the transmissibility 0f 
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pressure is found Ihe transmission of the pressur^.of the atmosphere 
on thc^ surface of later to every part of jts* de^tlf. Thus the pressure 
intensfty at^any depth /< is strictly that due tg the weight of the super- 
posed water, tofetheV with the atmcspheric pressure. 

Atmospheric PressurA — The pressing of the atmosphere varies fro% 
day to day at the same place, and fi^m place to place at the same time, 
^ts lygan value at^ea level 
is^about equivalent to that ^ a 

atjbhe base of a mlrcury . 

column 80 inches in^ 

height, oj^ 14*7 lbs. per 

square inch. This is , | ( 

equivalelft to ihe pressure 
at the base of a water 
column of approximately 
34 feet in height, and this 
is usually taken as the 
height of the water baro- 
meter. Thus the true 
pressure intensity at a 
doppth h below the fret- 
surface of water is given by 
62*4 (h -f 34) Tbs. per 
square foot. 

In most hydrostatic 
problems, however, it is the 
pressure in excess of that 
due to the atmosphere 
which is required, so that 
the pressure at a submerged point is commonly taken being that due 
to tj|e hpad of water alone. 

Art. 9.— Pressure Gauges. 

The most acaurate method of measuring the difference between the 
pressure at <any point in the length of a pipe and that of the atmosphere, 
is by*meau8*of a ftjiezometer or manometer In auliiph the difference is 
measured by the height of a column of liquid suppeft-ted by the excess 
presB’jifi. Where the difference of pressure is not more than one or two 
pounefs per square inch, this liquid may cqpveniently be water, when the 
pressure difference is given by // ~ 2*31 or '433 h pei*square inch 
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level of the iijercai,^^ columns with no water in the pipe, the pressure at 

the cintre of the Vpipe under the conditio\i8 ^hcfwn is that due .to a 

column of mercuryiA feet high, minus that dpe to a column of water of 

height f feet, and is therefore equal to 1^*596 h — *5/* — /*' = 

18*096 /t.— //' feet of wflter. WhejjB the pressure * 

k in excess of 100 feet of water, sftch a gauge 

gives, an inconv^pieiitly long mercury coluqpi i B I 

aqd a type of gauge in wlych a large range of 

prqpsures may be tecorded on a (a)mparatively 

short scale is shown in Fig. 8 D. This consists 

ef ti series of n U tubes connected as shown, the “ 

lower half of each being filiqd with mercury and - - ~ - 

the uppfir lijjf with water. If this gauge be -I 1 , J 1 

coupled up to a pipe, and if O O' be the common ~ 1 • J L 

level of the surfaces of separation of mercury and • — - - ~ 

water when the connecting tube is full of wate^ . if — ^ ~ ;; - 

but with atmospheric pressure in the main, and it 17"!“ 

0 be taken as the zero of the scale, the pressure vM ^ 

in the main corresjmnding to a recorded height 
of h feet is 2 n X 12*6 -f /i — /// (25*2 n + ^ 

1) h — h' feet of water. This follows since the !V 

pressure at h = pressure at a = atmospheric ^ L* ** 1. 

pressure + pressure due to a colijmn of mercury ± ;; ly — ■ “ 

2 feet high — pressure due to a coluujn of water - - 

2 h feet high, so that the pressure at /; = 2 X 12*6 - ^ * 

h feet of water above the atmosphere. Again, ’ -7*7 

pressure at d = pressure at c = pressure atft + 2 

X 12*6 h feet of water = 4 X 12*6 /i feet of water 

al)ove the atmosphere. Similarly pressure at/= * jBCiJlE 

6 X 12*6 h, and at /7 = 8 X 12*6 h:=:2nX 12*6 h ^ 

Differentijt Gauges.“\f here it is required to '^•0 
determine the difference of pressure at two points •* If if 
in the length ef a pipe conveying water, some Fio. «.• 


form o{ diff^ential gauge is commonly used. 

Such \ gaqgS is shc^vn in Fig. 9. Here the iffbtjiM A are coupled up to 
the required points in the pipe, the water from whiclr partially fills the 
branohfjs T’7’of the inverted U tube. If*the difference of pressure is 
moderately large, the upper portion of this tube contains^air, and tlie-.. - 
difference of level of the free surfaces then gives the ^(Terej«ce in pressure*’^ 
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in feet of water. » *A(i air jock is provided at (7, by/ which air may be 
paml)ed into or withdrawn from the tubes; so that ftvhatever the^mean 
pressure in the pipe, the •free surfaces of the eoliiijins pia^be brought 
to a convenient height on the gauge scales. Fpr very small* pressure 
differences the upper part of the Lfis filed with some lifjuid whose specific 
gravity is slightly, less than that of water. Gasoline (specific gravity,, 
approx. *71); kerosen^\specific gravity apj)rox. *8)/ toluene (iiie(;hyl- 



t)Qnzen§, specific gravity approx. '87); or sperm oil, are,^uitable liquidt 
:or this purpose. If S is the specific gravity of this liquid, and h is tht 
iifference of level of the ^jurfaces of separation in ^the t^ tubes, the 
lifference of pressure is that due to the difference in the weigh tS'^of twe 
jolumns, one of water and fne other of this secondary liquid^ J^d h 

* Actually, the difference lK‘t\veen tlio |ireRsiires produced by a cfiiumn of water nfld 
iriCach of the fypne height h. Owing to the Nniall Kpoeifrc’'‘gravity of air the 'veight^ol!;4^ 
liter may, ^owever, be uSfely neglected, except where the pressure in the pipe is ieTrAli 
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therefore such^as wpuld be produced at the base of a qplumn of liquid of 
dpecifiS gravity 1 — R This gives a differeyce*of jjn'eSsure oi (1 — S) 4 feet 
of water, and the ga^e reading is thus multiplied in tlie ratio 1 -r* 1 — S, 
as compared with tnat of a simple water gauge ^recording the sumo^^ 
difference of pressures. ^This multiply iwg factor will be termed the gauges 
poefficient ” in future, and will be demoted by C. The three-way cock at 
B allckws of any ^r in the connecting pipes being rSadily expelled, and 
allpws the quantity of air gr of oil in the upper part of the tubes to be 
regulated as required. 

A second type of gauge, m which the gauge fluid is heavier yian water, 
ft dliown i« Fig. 10 A or B. If the pressure difference is large, mercury 
rq^y be used in the gauge, in ^yhich case if h is the difference of level, the 
difference of pressure equals — 1) /< = h feet of water, and 

the gauge coefficient = *0794. If the pressure difference is* small, a 
mixture of carbon tetrachloride and of gasoline with a specific gravity of 
r25 gives a gauge whose coefficient is 1 ~ (1*25 — • 1) = 4. 

A type of diff'erential gauge which is useful for measurements of air 
flow is shown in Fig. 10 C, and consists of a O-tube whose branches are 
enlarged at their upper ends. Water is poured into one and some lighter 
fluid (specific gravity S) into the other l^g of tlie tube. Let a and A be the 
sdctional area of the small and large portions of the tubes. If 0 is the 
zero of the scale reading, let 0, B and C be the levels of the lurface of 
separation of oil and water and jf the free surfaces when thiaiMnr are 
exposed to atmospheric pressure, and let O', /!', O' be these levels when 
the pressure difference at the free surfaces is these pressures being 
respectively p and p + ^ P- 

Then p + /i'„, = p + 8 p + Sh'^ 

Bp = 


, . ~ ^ - w V 

But h\ =-^0 + 


And + a; 4- j-= + x 

(>+T> 

,\Bp^hyj + X +-J ^ 1 /to + ^ 1 

I'-i)} 

' = J(l+S)+1-S|. 



As compared with a simple water gauge, ^ the coefficient in auch.a gauge 

iu •f|j-(l+S)+l-6j. 

By naing two fluids of specific gravity S' and S, e«ch al a mixture af 

* 
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ileoliol and water /)f ^specific gravity, say 85, and kerosene of spkific 
gravity, say *85, the coe^cient ibecomes 1 | ^ /S/|. 

a / I * . 

Thus in the latter .Vase taking^ the co|^fficient becomes 7*43, 

. f 

syhile with water and kerosene in thi same tube the coefficient is 6*1. 

Errors of Fluid iifferential Gauges. -Any error myie in estinj^a^ting 
khe specific gravity of ohe of the fluids in a (^fferential gauge will lead to 
in error in the gauge coellicient, cyid this error wifi be proportionately 
^eater th^ larger the coefficient. Where th^ heavier fluid is water, an 
srror of one-tenth of 1 per cent, in the estimation of S w^l lead ‘ to* 
khe following percentage errors in the value^of C. 

• - f 


* ARsuniod value of 

2 j 


10 

2Q 

r 

Per cent, error in tlic estimation of C . 

•10 

•40 

•90 

l__ 

1‘9 


In a gauge which may be required to record under widely differing 
pressures, an appreciable error may be introduced, unless allowance is 
made for the different compressibilities of the two fluids. Iij ^uch a 
gauge as is shown in Fig.* 9, where air and water are the fluids, tile 
gauge reading is usually (aken as giving the true pressure difference in 
feet ofwJRSI, although, stric^ speaking, this is the difference betweem tlje 
pressures^ due to this same height of columns of air and of water. At 
atmospheric pressure the error thus introduced is negligible, but at 
higher pressures it may become important, as indicated in the following 
^ble. 


, r 

Mean preasure in pipe. 

specific gravity at 50° F. 

a 

Portent, error. 

» * 

Xba, per iipiare 
irtcli atx>ve 
atmoMphere. 

* 

Feet of water, 

f 

Water. 

Air. 

r 

0 

' 0 

•99969 

•00125 

1 '00125 

.^25 

r 14*7 

34 

•99974 

•00250 

1 0025 . 

•25 

440 

08 

•9998,H 

•00375 

1-00375 

•37? 

88*2 

1 30 

•99998 

•00750 

]-007r> « 

• *'76 • 

176'4 

272 

! J{(KI027 

•01500 

1-0150 

1*6‘ 

, 352*8 

544 

1-00085 

•03000 1 

1-030 

’ 


\ Tlin percentage error is smaller where two liquids are used, owing ip 
thejmaller difference in their compressibilities^although with toliione 
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^water (speci^c gravity of toluene -866 at 50° F.— compressibility -OdOCi 
•per lAit volume pel- atmosphere) the erroy aAoimts to I'Oa percent.atS 
ntmosphereiipressi^e and toO‘5 percent, at, 10 atmospheres pressur 
With keibsene— compressibility -OOGOGOfi at G0° F.— .as the gauge fluid, th: 
error would be corresponding^ Jess* A variation of temperature, h 
.altering the relative specific gravidles of the two fluids, may alter Ih 
gauge coefficient ^preciahly, as indicated l)elo\yi The values of C are th 
guuge coefficients for agauRgusing water in connection with the particula 
ilivli]. 



• 

J’l'nip. "F. 

w 

4i)° 

1- 

50° 


fi()° 


70" 



Wal^'r. 


•SKllK) 


SpecilK' sraviby (iiiiviii). 



« — 

Mprriii oil. 

Toliiom*. 

•SS73 

•8700 

■ssai; 

•8000 

•ssoo 

•8011 

■.S7(U 

•8503 


Kero.sono. 

Spfim uil. 

C. 

TollllMlI-. 


•8115 

8-85 

7-78 

5-30 

•8070 

8 58 

7--ir) 

5'2U 

•802(; 

S-83 

7- 11) 

5-00 

•71M0 

8-08 

0-1)5 

4*84 


Over such a range of temperatures, the percentage error, corresponding 
to a temperature range of 10“ F., has a mean value of 2-4 per cent, with 
sperm oil, 2'8 per cent, with toluene, and 2'4 per cent, with kerosene, 
its magnitude increasing with the temperature. With mter and 
mercury, the coefficients of expansion are so nearly ideiitifirfnrttt the 
error caused by this effect is practically negligible. 

Slight differences in the bores of the tubes and in tljpir degree of clean- 
liness also affect the readings by altering the form of the meniscus, while 
here oil and water are used, the attraction Iretween oil and glass causes 
it to act in the gauge ns though its specific gravit 3 ;,were higher than is 
actually the case. In view of these facts, it is not sulBcient to’ealculate 
the gauge coefficient from a knowledge of the specific gaivities alone if the 
girtge i‘3 required for accurate work, and the only satisfactory way is to 
calibrate itoagaiust a head of water under the same conditions as to 
pressufo and temperature as are likely to bo experienced "in use. 

In order that' a piezometer may give an accurate record of the pressure 
in a pipe co^feining water in motion, it is important that the surface of the 
latter should b(! siusoth in the neighbourhood*bf'*the piezometer opening, 
and especially important that any burr orrjjughness produced on the pipe 
wall the drilling of the latter should be removed. Where a pipe is of 
small bore, and where the j)ressure is to be measured at a point at soml,' 
distance from one end, this is a matter of some difficulty,' and in such a 
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case a hole should H[)e^drilled at one operation through botji walls of the 
pipe.* The entering hole' may then be plugged up arfd the second hole,* 
which, with care, will be found to be free from any lyirr, be used as 
the pressure opening; Such an opening should^ be small — one-thirty- 
second of an inch will usually bb f<^nd to be ample, the connection 
appearing as showr^in Fig. 10 D. * 

The point of attachm^Vt of the pressure tubes to/the main ic« im- 
material, the free surfaces or surfaces of separation in the gauge rising 
to the same height whether the poinir of attachment is at the highest#or 
lowest point of the main.^ 

Where a continuously recording gauge is to be used, thejwsaibilitie^of 
a single pressure opening becoming cholved«render it advisable to adogt 
the arraiTgement shown in connection with a Venturi meter in A*rt. 196. 

Abt. IO.—Eesultant Fressure and Centre of Pressure of a 

BURMERGED ArEA. 

If p denote the mean pressure intensity over a small element of ar^ea 
b Af the total pressure on this element will be given by p hA and the 
total pressure on the whole submej’ged area will be the sum of all these 
small normal pressures, and will be represented by Ip 8 A, 

The resultant of all these elementary forces is termed the Besultant 
PresstK^&the area, while the point in which the line of action of this 
resultant meets the area is turned the Centre of Pressure. 

If the Centre of Gravity — or centroid- of an element d A, be at a depth 
X below the free surface of the liquid, the total pressure on the whole 
'^bmerged area will thus be given by 

i: irx b A. 

If X be** the depth of the centroid of this area it can be easily shown 
that S X b A = b A = x A. 

IJVx8A = JVAlg, 

i,e,, the total pVessure on a single face of any submerged area is equal to 
the area multiplied by the depth of its centroid below the free surft^ie and' 
byrthe intrinsic weight of the fluid. , ♦ 

JSwamjfle 1. — Calculate the total pressure on the internal curved surface of an ^leraisphericw 
bowl of radius r, placed with dbuietrical plane horizontal, and just tilled ivith water. 

Here i « ^ ; A = » r». * ' 

‘ r' 

^ Total pressure = 62 4 x 2 w c® x - = 62-4 iry» lbs. 

t Confirmed experimentally by Messrs. Marx, W’ing & <toskins. “Trans. American 
OhU Engin^r 8 ,”^ 18 ? 8 . 
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, In this case resultant pressure will, for equilibrium, be vertical and equjil to the weight 
•of the^ater; 

, Resultant pressure ~ 6-1-2 x ^ ir lbs. 

In the case of a pli^e surfa^je, such as a dock giite, the total pressure 
on a face will he the same as the i%sjfftant pressure, both being normal to 
• the face. 

JhJ^amplc 2.- In tli^ock f^ate shown in Fig. 11, the widrti^of gate being 20 feet, the depth 
■*o§the centroid of the su|^niorgod [tirtioii on the right-hand .si<le isj> feet, and on the left-hand 
si(^ is 2 feet. The areas of thc.se submerged ifirfaees are 200 feet and 80 feet respectively, so 
that the total pressures, and also the resultant pressures on the two faces, are 5 x 200 x G2-4 » 
^ft2j400 lbs. and 2 x SO x 02-4 * 

10,000 Ihs. • Th(^ ro.snltant of Ihc 
two pressures will tluMi be a single 
force of t5il,400 - 10,000 --- .n2,ioo 
lbs, acting from rigid to left. The 
magnitude of the resultant pre.ssnre 
intensity, and of its disliibution 
over the gate arc indicated in Fig. 

11. Here the pressure intensity at 
any depth is indicated by the hori- 
zontal distance between the surface 
of the gate and the straight lines 
A Tand F 6f. The resultant pres- 
sure at any depth i.s then to the left, 
and is rcpre.sented by the, hori- 
zontal width of the sha<li‘(l area. 

Evidently at all points below the 
lower surface level, the resultant 
pressure intensity will be coiustant, 
since the pressure intiuisity in- 
creases at equal rate.s on both sides 
of the gate. The resultant force 
to the left per foot run of tlie gate 
is represented by the shaded area. 

The determination of the 
position of the Centre of Pressure of an area is the siime as that of the 
lin^ of Vtion of the resiiJtant of a series of statical forces pach normal to 
the surface under consideration. Referring this to rectangular co-ordi- 
nates T> X and 0 Y (Fig. 12) of which 0 X is vertical *and 0 ^ in the 
surface, we have, taking moments about these axes and representing the 


co-ordihates,df the Centre of Pressure by X 

• ip ^ A cos X* = ^ ip ^ j? coQ 0 S') ] (1) 

{p B A cos e}Y=^ lap a a cos e y) j (2) 

writiifg p = ir .X* these become ,, 

^ ( ir a J cf^ (9 .r) X = :s (vi; a a cos e x^) j (83f 

2 (IP a A cos 0 x) Y ^ 2 (IP a 4 QOB&xy) j (4) 
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Here 6 is the an^le between the tangent plane to the surface at the 
point, (x y) and the plane X*0 y. It follows that 2^ (5 i*cos 0) te the* 
projection of the surface gn this plane. Call this ^1', and /et a;'?/, be 
the co-ordinates of the centroid of this projection oxf the reference 
plane. * ‘ * 

Then (3) becomes 

fFA' ,Y = 11-' S(S A cos 0 x'^) . * 

• , (0 

Bimilarl? y = •*'/) Jfi), 

» * 

It follows that the centre of pressure af any curved surface has the 
\ same co-ordinates as tkat of*its pro- 

0 jection on the plane of reference* 

T T J>>affqde,~’\!hv centre of pressure of the 

1 curved surface of a hemisphere havinjjj its 

® — diametrical plane vertical, and immersed with 

a : — its upper eclse. in the surface of the water, is 

at the same depth as that of the vertical 
diametrical plane. 

• Since 2 (g ^ cos 6 a;'‘^).i8 the 
— moment of inertia of the projection 
of the surface, about the axis 0 F, 
expression (5) may be written 

12. where t is the radius of gyration 

‘ about the axis 0 Y of the projection 

of the surface on the plane X 0 Y, 

In the^case of the hemispherical surface just considered — radius r — 

A'=zTti^ 

^ A' +Ttr^.r^=:TT j | 

- " ••^“4 • 

Where the surface is plane, the axes 0 X, O Y may be, taker? in. the 
plane itself, when ^ = 0?, ftid the above expressions i'educe to. * 

■ ' x»='^ = '‘'‘ 

A .r .r 
Ax ' 
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Where the plang of the rectangle is vertical 0 : 
becoipes • * • 


: 0^ and the above 




From the form of this j^esult it is clear that as h increases, X becomes* 

more nearly equal to^(^h + i.e., the Centre #f Pressure approaches ni<ye 

nearly to the centroid of the area. * * 

* The position of the Centre of Presspr^Sl 

Vv. may, in some instances, ^e deduced by 

elementary* methods. *• 

• Kjj.f Parallelogram witii base in sur- 

face (Fig. 13/>). Divide the surface into 
a series of elementary horizontal strips 
of equal width. The pressure on each is 
/? ’ ,, proportional to its distance from the 

surface, and will be represented by tlje 
y ordinate of the triangle ¥j F H erected 

^ on the strip and perpendicular to the 

area as shown. This triangle may be 
taken* to represent the load diagram. 

, The sfngle resultant of this load will 
/?, ^ pass through the C. G. of the load area ; 

* will be perpendicular to the surface ; and 

will therefore cut the median line E F at 

2 

Bhdistance from E e(]|ual to - E F, i.e., at 1\ 


If the upper edge of the parallelogram be at a depth h below the 
surface, the load diagram will now be a quadrilateral E KLF, s«ch that 
L K when produced meets F E produced in thei surface. “ • 

If F F = Pi and FL = p 2 , considering the pressure per unli; width, we 
oaay divide the load area into two, E K F and F K L (Fig. 14). 

The resultant of first is Bi = . E F = b, 

„ „ „ second is R 2 ^^^,EF = ^ h, 

^ ^ 5si ^ 

This varying pressure may then be replaced by two single for^s Ri 
M!id iHa, acting through the C. Gi . Gi and Gg o^ the two load areas, i,i., at 
[joints distancS i E F from E and F respectively. 
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:-4istances d, k ana^, are measured in the plane of the ligure in each 
uase^ 


Figure. 1 A ; 
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^ Art. 11.— Equilibrium of Floating Bodies. 

When a body is freely floating in a liquid, the conditions^of f^uilihrihd' 
may be inferred by imagining the body reinoved and the space occupied 
by it be filled with the liquid. The reactions of tlM 3 surfbunding 

liquid will be unaltered by the, 
change, the whole being stiH.4h 
equilibrium, and it is clear that 
the resultant pressure of the 
surrounding liquid is vertklally 
upwards, and is equal id the 
weight of the displaced liquid, 
and also that the line of action 
of this resultant pressure passes 
through the Centre of Gravity 
of the displaced liquid. It 
follows that for equilibrium the 
weight of the floating body is 
equal to the weight of the liquid which it displaces, and that the Centres 
bt Gravity of the jpody and of the displaced liquid are in the same 
vertical Tine. 

Thp Centre ot /Gravity of the displaced liquid is called the Centre of 

Buoyancy. 

Stability of*£quihbriniu. — If a floating body he slightly di^laced from 
its eqttilibrium position so that the line joining the C. G. and the^Centre 
0% Buoyancy is no longer vertical, the forces now acting may tend to 
restore the body to its original position ; to move it still further from] 
t^t position ; or to n^aifitain it in equilibrium. Jn the*fl;*st'ca*se th^^ 
^qilibrium is said' to be stable; in the second, unstable; and in thejhird^i 
neutrbl. ^ , 

Let G (Fig. 16) be the C.*^. of the floating body; H the Cefifee 
^oyancy whfin in cthe equilibrium position*; and IF the C. 
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ilfsplaced position shown. Through II' dr^w a vertical W M io ihoet 
BOuiM^ • * ; 

The weigSt of thli'body now acts vertically downwards through 0, and 
the equal force of buoy|ncy vertically upwards through 7/', each of these.^ 
forces being equal to the weiglA of*the body, and together forming a** 
’ <jouple whose arm is G N, the perpendicular from (r ^ to 77' Af. 

Ohfiously if A%is above G this couple tenfis to restore the body to 
its equilibrium posj^ion, so^that the equilibiium instable, unstable, or 
nehtral, according as M is above, befow, or coincides with G, 

„ If the angle of diaplacSment = 6, the magnitude of th^ righting 
moment =• IF®. G 77 = W . G M sin 0. 

•^AB increased the positfon of the intersection M of the verticals 
through H and 77' will in general 
move and will ap[)roach or recede 
from G. The point M, for an 
infinitely small angle of displace- 
ment, is called the Metacentre of 
the l)ody, and the distance G M 
is called the Metacentric Height. 

Evidently in ship design it is 
of the highest importance that 
the metacentre should be above • 

G, under all conditions of loading • 
and under any circumstances of 
rolling. 

The height G M may be 
determined experimentally by 
placing two equal weights P at equal distances x fiipm, the centre line of 
the vessel, when floating on an even keel and in its equilibrium position. 
Let W be the weight of the vessel, including the weights P. f 

Therf’if both weights Ve moved through a distance d x to the right* 
the C. G, tf the vessel will move through a distance G (7' (Fig. 17) 
where 



Also G G' will be parallel to the direction in which P^is moved, i.e,, will 
f he perpendicular to G A/, since if any portion of a body be moved in a 
given* direction, the C. G. of the whole moves in the same direction. 

If ^ be the angle of heel produced by tMls shift of the weights 
G G' = G Af tan 
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' r Op < 

^ (r M = U (t' cot 0 — jj, • h . 1 : cot 6. 

0 may bo nioasured by nofing tlio change in iiiclinat /00 d’ a long pendu- 
boTi as the Aveigbts are moved. Tlie experiment* should be repeated for 
dilTereiit values of 8 .r, measured Ix^^li to the right and to the left, and a 
curve may then beMrawi\ on an angle base, sliowing values of G M. By" ' 
extcrpolation the value 'of (i M in the limit when (/= 0 can then be 
determined. ' * t 

Since the righting coui)lc =: IT . G M sin 0, this equals 2 P S x cos d, 
so that the same ex])eriment enables us to draw the Stability Curye. 
sliowing the value of this righting couple For dilTerent anghss 0^1 heel. 

If the small masses be moved about, the weight, and thergt'ore tlfe 

volume of water displaced re- 
maining constant, the locus of 
the ('entre of Buoyancy is 
lernied the Surface of Buoy- 
ancy. Since, for equilibrium, 
the vertical througli the C. I). 
must ])as8 through the C. (}., 
and since for small d’splace- 
ments, the line joining two 
successive positions of the 
C. B. is parallel to the surface, 
it follows that the tangent 
plane to the surface of buoy- 
ancy at the V. B. is parallel to the water surface, and therefore that the 
v(^’tical thi'ough tlie C. (t. of the body is normal to the surface of buoy- 
ancy. In other words, any curve of buoyancy lli Ihi 11^ is an involute 
of the corresponding curve of metacentres Mi M^ (Fig. 18). 

In general in tim case of a ship, owing to the fact that the underwater 
contours are not symmetrical about an amidsuips section, as they are 
about a longitudinal section, the vertical through the centre 6i bupyancy 
in the (fjsi)laced position will not intersect the line H G, since the C. B. 
is now displaced in a dilfereni plane from that of the rotation of the boat.* 
By projecting the verticals; through the successive centres -of buoyancy' 
on to two vertical planes, one running fore and aft, and the other perpen- 
dicular to this, we get one series of intersections on each plane, and thus 
get two inetaLeniric heights, the first for pitching displacements (Fig. 19), 
and the other, ^previoiu-ly obtained, for rolling displacements. 

The lat|er is in general, foi the ordinary type of ship, by far the morft 
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^impo^’tant, a^chougli the stability in a loygitiidinat direction may be 
seriously fiffected by the flooding of ono or*niore watertight compartments. 
In the c 9 .se of fresskls of the submarine type?, the longitudinal stability 
becomes of the greiy.est importance, lack of such stability causing 
a tendency to dive suddenly. 

• The metacentric height for 
f()re**and aft emplacements 
iflay be experiment<#,lly defer- 
nnneJ just as for rolling 
displacements. *' 

The pt)^itiwi of tlH 3 mota- 
?;entre ,jnay be determine?! 
theoretically as follows, if the 
positions G and H of th(‘, 

0 . ( 1 . of the vessel and of the centre of buoyanc'^' are known. 

Let .1 = area, of section of vessel made by the ])lane of water line, or 
j)lane of flotation. 

,, K = radius of gyration of this area about a longitudinal axis 
through its Centroid. 

„ V =z volume of water displaced 1)y vessel. 

Let G, Jf, ]l\ M, have the 
Jiieanings previously 
attached to them. 

„ 0 bo the ekivation of the 
line of intersection of 
the planes of flotation 
in the equilibrium and 
toplaced positions 
(Fig. 16). 

Then if # small angular dis- 
placeiiKuit e be given to the 
vessel, the volume displaced, 
being proportional to the 
Aveigbt of the* vessel, does not change. ’ • 

, Yo 1 uicr 3 of wedge a o «' — volume of h h', 

Again if y be thff dcqjth, per 2 )endicular to tfie^aper, of any element h x 
of the wedge at a distance x from 0 ^ the volume of this element 
~ ?/..r $h a\ ^ 



d 


.*. Volume of wedge a 0 a' = 0 
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Sinetj volume displaced is unaltered we have' 
la' fh 

P j "x y d X = 6 j X y d x^ ' 

•J O fi 

and for this to be true the axis throiigji t) must pass through the centroid 
5 f the water line secir'oii. Also, due to the immersion of the wedge a o a' 
and the emersion of h o h*\ we get an upward force oft^uoyancy trans- 
ferred from C. G. of wedge h o 1/ to that of a o a, or shice if w = wt of a 
cubic foot of water, the moment of buoyancy due to the immersion of any 
element of ftie wedge as shown is ?r. jc\ 0. // h.r. ^ 

. • . Moment of buoyancy of ) a f o * 

, wedges a o a’ and h n // ‘ ^ 

f ) ^/— I, 

= /r e A 

But by the transference of the wedge of water, the centre of buoyancy 
is moved parallel to c c ' ; c and c\ being the C. (i^ of f he wedges ; through 
a distance 11 ll\ where H IV . V w = w B A (as before). 

iiH’ = ^Ve. 


Also, if 0 is small ■ 


: 6 very nearly. 


Knowing H M, and deterl^iining G M experiinontiilly, IT G can be 
detennined, from which, if the position of 11 is known, that of 0 may 
then be found. H may in general be determined with comparative ease 
sipce the contours of a vessel at various levels, and hence the volumes 
displaced * between thy,se levels, are usually accurately known. The 
problem then simply resolves itself into linding the C. G. of these volumes 
by taking moments Ubout the water line. 


Art. 12.— Time of Oscillation of a Rolling Ship in Stili^ Water. 

When ,a floating body is freely oscillating, the resistance of the water 
being neglected, its motion is similar to that of a pendulum except that 
the body does not now oscillate about a fixed axis. 

Just, however, as in the case of a pendulum, the rigtiting couple is pro- 
portional to the sine, of the angle of displacement, so that the time of a 
complete double oscillation is given— as in th e case of a pendulum^ by 
^ — 2 77 in ert ia of body aln)ut axis oscillation 

~ g righting moment for unit angle of displacement. 
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As the displacement increases, the curve, to which the plane of flotation 
is e^erywhete tangent, is known as the Cujve of Fiotatioji, and evidently 
in rolling j;he motion of the body is exactly the same as if an imaginary 
curve qf. flotffl;ion fixed in the vessel were t6 roll on a fixed horizontal 
surface. The position of the, instantaneous axis of oscillation may then 
he determined by noting that the weight of the vessel and the 
buoyancy, both vertical, are the only forces acting on the body, the C. G. 
ofTJie vessel m^t move vertically, if at all,^ ^i^' ^>iat the instantaneous 
?txis is in the hoMzontarfine 
tlirough 0 (Fig. 20). Agftin 
^ince the curve of flotation 
rolls on hi^rizontal surface, 

•the instantaneous centre mtfst 
also be in the vertical through 
the centre of flotation F, t.c., 
the axis is at (), the point of 
intersection of (r 0 and F (). 

For small oscillations O will 
sensibly coincide with 0. 

If k = radius of gyration of 
a body of weight TF about an 
axis through its C. G., and if 
7n = metacentric height for 
motion may be, written 

(T^e 

dfi ’ g 

or lor small displacements 
d 



roiling displacements, the eauation of 


+ IFm sin ^ = 0 


II " /.2 

- - + Wm e^o 

!l • 


from \^hich we get T it 


V f, m’ 


the relation giveji al)Ovo. 


^Although a certain unknown mass of water will move along with the 
ves8€j, inSreasing the inertia of the moving mass without increasing the 
restoring cougle and thus tending to increase the time of oscillfition, yet 
in practice very close agreement is found between the calculated *and 
experimental periods. ^ 

F.J. In th? Devastation, the calculated \ime was 7 secs.^ 


expetimental 


0*75 secs. 


I These are the times of a single oscillation. 
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E.g. In the Monitor (IJ.S.N.) calculated time was 2*5 secs. 

^ * # M expeninental „ 2*7 ^iocs. 

Froude, experimenting on Blfi])8 fitted with and without biige keels, ^ 
found that the effect of the keel is tt) extinguish thfj osiillatio^s more 
rapidly, but that the effect on the period of rolling is very slight, the 
average difierence produced by the* ^leldition of these ke^els being about 
() per cent. Also thei extinctive (dlect is greater when the ship is moving * 
than when stationary. ' / 

The effect of an kicrease in the metacentfric heigiit is to stiffen thfe 
vessel and to diminish the period of the oscillation, while any increase in 
its radius (ft gyration tends to increas(i the period. Too great stiffness js 
inadvisabh^ because*, of the tendenc.y of the forces brouglkt irfio play to 
strain the vessel, and it is often advisable iif the case of a cargo y;essel k 
arrange the cargo sf> that its heavuu’ portions are as near to the skin of 
the vessel as possible. This increases the radius of gyration, and thus the 
period of rolling, without seriously affecting the stability. 

The iiKitacentric height in the case of nmrehant sh.’ps varies of course 
with the loading, hut when fully loaded is usually between 1^ and 4 feet. 
For small vessels, such as tugs and torpedo boats, it vai’ies from about 
1 to 2 feet. 


Art. 1H. - Sterngtit of Pipes ano Cymnders. 

This bo briefly discussed as being of great importance to the 
hydraulic engineer. ^ 

In a thill pipe the stress over the whole thickness of metal may bo 
taken as being sensibly uniform, and by considcu’ing a section made by a 
du^metrical plane we see that the force per unit length of pipe tending to 
rupture it across this plane = 2 r p, where 
‘ r = pipe radius in inches. 
p = internal pressure in lbs. per square inch. 

If t = tliickness of pipe in inches and /^= stress per squaj’e iip^h 
in metal, we have the force resisting rupture along this plane ^ 2 ft 

.*. for ()(iuilibriuin f = --- or ^ . 

t * ’ .t ' t 

For steel or wrought-iron pipes this rule is sufficiently (iccurate, and • 
here the working value (py’ Varies from 7,500 to 8,500^0)8. per square inch 
for wrought iron, and 10,000 to 12,000 lbs. per square inch for steel, 

* For an invcsl^lgiitiou into tlie notion of bilj^e keds seo a paper by Pr. G. ^ryain 
“Trans. 'Inst. Naval ArehiteclH,” 1900. ^Iso by G. H. Baker, “ Traus, Inst. Naval ArcfMtects,” 
iyl2. ' 
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increasing with the size of pipe. In a riveted jnpe the efficiency of the 
jrivete^ joint ^ust be taken into account in dctermii^ing |liis tliickneHs. 
This may taken at alK)ut 58 per cent! for single and 70 per cent, for 
double riveting, a ininiminn tliickness of *about inch should be 
adopted to allow for an|^ reduction by corrosion. 

Where the pipes are to be e^esed to considerable pi-essun'., and 
•especially when made of cast iron, tlu; di^tribution (#’ prt'ssure over the 

walls is not so simple, those 
|l 1^0 fibres of the metal nearer the 

centre being moni lieavily 
stressed than those fiirther re- 
moved. In this ense consider 
th(i (upiilibrium of a portion 
of an (ilementary i’ing«of metal 
concentric with the pipe, having 
inner and ouh^r radii r and r + 

I S r, and subtending an angle B 0 

21 , at tlu^ iMaitiH' (Eig. 21). I jet 

the radial pressure on the faces 
of this (dement be p and p + B p, and the circinnterential stiv.ss in the 
metal be f. 

Then, for (apulibrinni of this ekmient we have 

B p) {r B i) B 0 •- p r B 0 -{- f B r B 0 = 0 (1 ) 

rBp+pBi -h./^/ ==0 

Again, if we assume that the plane ends of the pijxi remain plane 
during extension, we get the further (condition that 

p — / =z (M)nstant = 2 A, (3) 

Combining this with (2) we liave, in the limit 

,-'p' -f ip = ^lA 




-J- ‘2 j) r = 2 A r 


d{pj^) _ 

d r 


= 2 A r. 


Integrating this expression w(‘ get 

p = A r‘-’ +^n 

p = A A- 1 J 


© 
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and, from (!5) 


/= - I + 


Asuumiiig, as is genemlj.y permissilile in practice, t^at whe/r = i.c., 

at the outer circumference, p = o, and putting p = p* when r =')•], i.,\, at 
the inner circumference, we get on .suKsKtniing, * 


jji=p. 


r-' ) 

I — I'u'* ) 
j >\? iVi I 
*1 1*0*^ — t'p ) 


Substibsting these values in ((!) we liave ' 

, 1 

r.M' 

Evid^mtly tliis will have its imixiimiin value when r =; n, ifr., at the 
inner circumference, and at this point. 

* ' "f* 

J (wi«.r) V\ 2 , *» 

U) — i I' 

This may he written 


The value adopted for the working stress / varies with the pipe diameter, 
and with cast-iron pipes increases gradually from about ‘2,000 Ihs. per 
square ipch in a 2-inch pipe to 3,000 lbs. per square inch in an H-incii 
pipe, 3,500 ll)s. per square inch in a pipe or cylinder of 24 inches 
diameter. 

trhe following table indicates the thickness of cast-iron pijies and 
Cylinders for heavy pressures, as calculated on the above assumption. 


Vipn iliaiiji'fei 
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• • 

Collapsing Pressures of Cylindrical Pipes. The siulden discharge of 
watenfroni a*hydraulie [)i 2 )e line, such as luay folliiw a hiiijst at its lowest 
point, ina/f unless special provision he made, lead to the production of a 
partial vncuum^ in the pipe and thus give rise to an effective external 
collapsing pressure wlKcb is inot'easec^hy the pressure of the earth filling 
in the case of a buried pij)c. Ver%|^w reliable experiments are available 
as t^the effect of such pressures on pipes of larg^ dianit‘ler. E. T. Stewart^ 
as the result of experiments on steel lap-welded tubes of diameters ranging 
fr^m lUo 10 inch(^s^oncluded tliatiHhe length of thft pipe is greater than 
1) diameters lh(^ collapsing jfiressiire /»,. is given by 

“P 10l^)0 ^1 — \/l — 1(>00 if p, is less than /j8d, 


or 



•g23, 


while p, = HObTO 




— 1383, for higher values of or of 


t 

J>a 


Herep,. is in pounds per sipiare inch ; / = thickness in inches; l)^, = 
outside diameter in inches. If slightly dis:torted. later experiments on 
10-inch pipes with thicknesses of *15 to *20 inch indicate that the 
colhi])sing pressure p/ is approximately given by 




•()!)3 ( p,. - 50) 
(./' -,• 874 ) 1 ^''' 


+ 50. 


Whfire p, = collapsing prossnni for corresponding circular pipe. 
x = ratio of maxiniuni to minimum outside diameter. 


Examples. 

1. In a hydraulic press the ram is 10 inches aiyl the pump plunger 
] inch diainotor, the leverage for working the pump 10 to 1. What is the 
velocik^ ratio of the pump handle and ram? Actually a force of 80 lbs. 
exf)rts*a pressure of 4*1,000 lbs. on the press table. What is the 
efficiency 

Ans. : 1,600; 91*7 percent. 

2. A dock gate is 1 2 feet broad and 14 feet deep, and the water Hses 
12 f^et on ifne side and 3 feet on the other side above its lower edge. 
Find the 'resultant pressure and centre of pressure for each side of the 
gate and find the magnitude and position pf the resu'ltaiit of these. 


> “Trans. Am. Sue. .Mncli Kiy».,” ntoii. p. 7.'U). 
a Trans. Am. Soc. Mech. Eug.,” 11)07, p. nf3. 
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Ans. : 53,914 lbs.; 3,370 lbs. ; centres of pressure 4 feet; 1 foot from 
lower edge. 

Single njKiiltaiii 50,544 Ihs. at 4*20 f(!efc from lower edge. 

8. A rectangular sluice-gate, 5 feet broad and (5 f6et deep, having its 
upper edge at a depth ol 4 feet, is inclyied at 4J“ to the vertical and 
admits water to an einjity ponsloclc. sluice is lifted by a force applied 
parallel to its plam^. Ih'birmine tla; necessary inagnitiubi of this force • 
if the coefficient of frictioA between gate and guides is/12. 

Ans.: 1,875 lbs. ^ 

4. A ciijpular conduit, 0 feet diameter, whi(*]i just runs full, is fitted 

with a sluice, and it is required to balance this about a liorii^intal axis'. ’ 
Show that this axis should be placed 2 feet ^3 inches al)oyo*the bottom of 
the condpit. ^ 

5. A vertical wall, 10 leet high and 3 feet thick, is exposed to water 
pressure on one side . , What is the. maximum depth of water in order 
that the lowest joint should not be anywhere under tension Weight of 
masonry per cubic foot = 170 lbs. 

Ans. : ()*26 feet. 

i 

6. A battleship weiglis 13,000 tons. On filling the ship’s boats on one 
side with water - this weighing 00 tons ami its in^'.an distance fiom the 
centre of tlui lioat being 30 feet -the angle of displacement of a plumb 
line is 2'^ 10' (tan 6 = *0390). Detormine the metaeentric height for 
rolling cli^ilacements. 

Ans. : 3 feet 0 inches. 

7. Show that a so’lid cylinder of length /, radius r, and specific gravity 
fleeting with its axis vertical, is in stable equilibrium if 

r>l\/2s{l-sl 

8. A single-riveted steel pipe, 30 inches internal diameter, is exposed to 
a head of 450 fec't 5f water, 'faking /’= 12,000 lbs. per square inch, and 
the efficiency of the joints = 60 per cent., what^should he its thicknes^? 

Alls. : t ~ *407 iiicli = inch. 

A cast-iron pressure jiipo, 4 inches diameter, is exposca to a pressure 
of 1,100 lbs. per square inch. Taking /= 2,800 lbs. per ^ square inch,* 
what is the requisite thif‘ki9ess ? * 

‘Ans. : t =^^1*032 inch = 1^\ inch. 

10. The m^an pressure ov(U' the horizontal section of a dam is^& tons 
per square foot. 'The centre 6f pressure over this section is at a point 
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distant f of its width from the down-stream edge. Determine the 
maximum and minimum pressures on the Bectjon. • 

As. = ^*75 tons pei' square inch. 

• SVIinimum = l-‘25 „ 

11. It is proposed to subject th^ Icjwea 9 feet of a wall 17 feet high and 
5^fe(‘,t thick, weighing 150 lbs. i>(n* c^nc foot, to water pressure. Deter- 
mine U^e centre of m'(issuro on the lewdest horizontal section. 

Ans. : At a distiiu^from tlje ceuta'e of tlie section = 7'14 inches. 
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CHAPTER 111 

• * ♦ ■ 

Motion of Viscous Fluids— Stream l/ine nt^d Kddy Motion -Vorticos-'Conditions reg^ilating 

the two modes of Motion - lleynolds’s Hesearclies ^’ntical Velocity in Parallel Pipes — In 
(!oin^r{^in{i; Pipes — Motion of a Fluid— K(|uations of Motion— Flow against Viscous, 
Resistance — Rctwcen Paiallel Plates Tliiongli t’ircnlar Tiib^ -tfenesis of Eddy 
Formation. 

• • 

• Art. 14. — Motion of Visooirs Fluids. 

When a ri^id body moves, the motion at any point in its mass can be 
accurately determined once the motions of any three points, not in the 
same straiglit line, are lixed. In this castt, when the boundary eouditions 
are known, the determination of the internal motion is simple. But jvith 
a fluid such as water the motion of the mass of fluid as whole does not 
necessarily give the internal motion. While giving the mean motion, it 
does not fix the absolute motion of each particle of the fluid relatively to 
any fi»ed point. This is quite apart from intormolecular motion, which 
gives rise to diffusion in ,a inass of water even when apparently 
motionless. ^ 

By the earlier^experimentalists the motion of water in mass was im-. 
perfectly understood. On the assumption of a motion simple and 
-analogous to that of a rigid body, it was impossible to reconcile the 
results experimenf|^illy obtained by many observers, while the very trans- 
parency, or uniform opacity of most fluids made it impossible to see the 
internal motion*. I’roliably the first indication of there being,, more than 
one kind of fluid motion was obtained from, the appearance «f the free, 
surface of flowing water. Where not otherwise disturbed ^his may have 
two appearances, corresponding to diftereiit modes of motion. In the one 
abjec^s are reflected from the surface without distortion, while in the 
other an irregular motion of the surface may be noted ,tai!d reflection is 
accompanied by disto^ tibii. Where motion occuiw in a passage having 
^olid lateral boundaries, Iiojvever, even this indication is absent, and the 
introdiictio^i of floating particles of solid matter does not helg to any ; 
extent in showing the nature of the action which is taking place. 

Matters l^^mail>9d in this state for many years, and it was left lor 
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Osborne^eynolds, by. his method of colour bayds,’ to pfove conclusively 
that the motiim in a mass of water may ht^of two kinds ; to make clear 
the simplicity of^ the one, and the comph^xitf of the other ; and to 
demonstrate the reasont^ for, and the laws governing each kind of 
motion. * 

*rhe conclusions to be drawn from Professor lleynolds'.^ exi)erimentsare 
as folios:- firstly, ^ve may have a continiioiii steady motion of the 
partftles, in which thl^noiion'^xt a fixed ])oint always remains constant ; 
and secondly, we may have unsteady oi'^'eddy motion, when the motion at 
any ^Jced point varies accoi'ding to no dcdiiiitc' law. This is duo to the 
formation of ftlldks or voi tices in the fluid. 

Introducing the idea of stream lines, i.c., of imaginary lines in tlu'. fluid, 
such that at any point the direction ef motion is tangential to the line, it 





Fir; 22 

follows that in steady motion these stream lines become fixed, and this type 
of motion is therefore known as stream line motion. Cv^rtaiii properties of 
these stream lines are of interest. They must always have a continuous 
curvature, ftxce])t wdiere the motion is zero, since to cause an infinite change 
'of curvature, an infinite forct^^acting perpendicular to the direction of curva- 
ture woul^ be Necessary. It follows that in steady motion a fluid will always 
move in a curve round any sharp corner, and that the stream lines w;;ll be 
tangential to ^any such boundaries, as indicated in Fig. 22 a and 5, in* 
which the general form of the stream lines f()i;j steady fiovv out of two 
forms of oriffce are shown. With a very viscous fluid, an approximation 
to this infinite force may be introduced by the.- efftxct of cohesion, and the 
‘radius of curvature may tluiii become very small. This has been clearly 

* Fur a full account of lliis nulliud of itivesUgatintf the two' nianiierH of r.otion of water 
see a paper by Obborne lieyiioiil^, “ Pliil. Trans. Koyai Society,” 1883, ^ 
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shown in a leries of expeiiments by Dr. Hole Shaw\ who, by producing 
flow between two parallel glass plates at an extremely small distance apart, 
produced a state of a*ffairs in which viscosity was Aie predominating 
factor. Ill ordinary cases, however, tfeis is not# so, and the effect of the 
inertia of the fluid is more mq|j;^ed than that of cohesion. On this 
account it is always neijessary for easy flow to design any pipe or passage 
for conveying fluids with curves having as grti/ual a curvfflire as 
possible. • 

If the stream line be imagined to form^ the axis of a tube of 'finite 
section^ area having imaginary boundaries, and such that its ar^a^at 
different points in its length, is inversely proportional tfle velocity at 
those jioints, this is known as a stream tube. 

If the motion at a fixed point varies, and if it is still possihle to lincl a 
definite motion for t^iese points such that the motion of the fluid relative 
to the points may remain constant, the latter may bo reduced to steady 
motion by considering the motion relative to these moving points. The 
fluid may then be said to have a continuous, steady, but unequal 
motion. * 

In almost all the cases of fluid motion which are of practical importance 
in hydraulics, the motion is found to be unsteady, 

Aut. 15.*-- Voutu’ks. 

A mass of fluid, rotating about soniC axis in the fluid itself and forming 
a closed circuit, |s termed a vortex or eddy. This axis may be straight, 
curved, or may return on itself, in which latter case we have a vortex 
<i*ing. Where a vortex of the former type is formed, it may be shown that 
the motion is unstable unless the ends of the axis are in contact with 
some solid surface. A stable vortex, whether with a rectilinear or a 
circular axis, may be pfcjected through the surrounding ^fliiid with 
surprisingly small loss of energy. 

An instance of this may be found in the case of the ordinary smoke 
ring, or of a similar vortex ring in water. If this vortex ring bl coloured 
iy th*e admission of aniline dye to the generating box, •and if the ring^be 
then projected through ‘a tank of clear water, it is seen, to ’travel with a 
motion of uniform ro4aiSon about its circular axis J^hrougii |he surround- 
ing liquid, its oifter layers ^moving, relatively to the axis, in the opposite 
direction i;o that of its own motion of translation. Relatively to the 
surrounding water the motjon at the outer layei's is very sinalf, so that 


Trans. Inst. Naval Architects," 1897 — 8, 1900. 
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the vertex rao^es through the surround iiig tidiid with u resistance almost 
akin to roll^g friction. This accounts for {he small resistance experienced. 
The Burrt)undiiJ^ water is displaced in a direction at right angles to that 
of the ring’s translatioJi, and thus, with a ring moving horizontally, waves 
are produced on the sui-facc of the^v.ater. 

• That the relative motion between the outoi^ lnyei*s of the vortex and 
the STfrroiinding v^er is very small is shown by the slowness with which 
tlife colon led Waters’S the ring dilTuses. 

An attempt topro])el a sohd s])here()f approximately the same size and 
i^jass as ihe ring through the tluid by moans of a sadden blow, shows 
very forcih^ tfee relative loss of energy as compa,r(‘d with that of vortex 
motion. , * ^ 

The whole siibject of the translatory motion of vortices is fraiight with 
dilHcult\, and no attempt will be made here t() discuss this motion 
analyticjiJIy. The followiiig may be taken as a partial exjdanation 
of tlie reason of this translation. (Consider a vortex ring at the 
instant of formation. The velocity at the interior of tlie aperture is 
grealer than that outsi(l(‘ ; the ])r(‘ssure inside? is therefore less than that 
outside ; and in consequence? the ring begins to contract. The effect of 
this contraction of the a[)erture is to sot up motion in the surrounding 
fluid, which, combined with the cyclic motion inseparable frojn vortex 
ju'oductiou, increases the velocities in front of, and decreases those behind 
the ring. This sots up a difference of pressure at similar points before 
and behind the ring, which urges the latter forward with an increasing 
velocity. A limit to this velocity is reacb(?d wdien the velocity within 
the apei iure ap]>roximates to that without.^ 

The mass of fluid forming a vortex has the property that its momentum 
is unaffected by its angular motion, just as the monffiiitum of a fly-wheel 
in any direction is unaltered by the fact of the wheel itself rotating about 
•its own iftiis, the momentum of the imiss in any direction being equal to 
the taas5 multiplied by the ‘resolved part of the velocity of its mass centre 
in that^irefftion. 

When a stream of fluid flows past an immersed solid, at all but tlje 
slowest velocities eddies are formed in the rear of tlie solid, which, 
however, are nf)t of the type already described, *nj,hat the motion is not 
now cyclic, the mass Comprising an oddy being composed partly of fluid 
flowing around the edges of ihe solid and* partly of fluid drawn from 
its rear face. As a consequence of this there is a continual backward 

^ For an extension of this idea and for an invcsli^yation into the nfttion of vortices, consult 
a paper by Mr. W. M. Hicks. “ I’hil. Trans. Koyal Society,” 18Sf, p. 161. * 
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flow towards the central portion of this face, to make gqod the loss of 
fluid abstracted by the eddies at its sides, the state of a§airs being 
represented in Pig. 28 A. s ^ 

Where the body extends from the surface to thi^; bottom of the stream, 
so that the motion is sensibly in two dimensions, the eddy formation is a 
discontinuous process. Tii such a case eddies may be formed either., 



Fig 23. 


.D. 


simultaneously at each edge, or alternately at the two edges 8f tl^je body 
as shown in Fig. 28 B. 

^he eddies as first formed, are small, and gradually grow^until suffi- 
ciently large to impede the Rearward flow in the wake which Is necessary io 
feed them. They, then break away and join the frocessiofi of eddies 
forming the boundary of the<Avake. 

' When forihed in three dimensions, eddies may be produced Hsither 
continuously or discontinuous^. In the former case they are at different 
stages ill their growfcn at different points of the perimeter of the body, an^ 
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appear in the )^ake as a spiral (Fi". 23 C). Tliis type vof vortex formation 
is usually fgiind in the rear of a plate, nortua*! or slightly inclined to the 
current. Tf*ihe|plattt be inclined to the current at an angle exceeding 
about 30'^ the forniatioi^^heconies discontinuous, as indicated in Fig. 23 D,^ 
which shows the eddies formed Wiind a square plate inclined at 40® to"" 
|.he stream. In this type of inolicifcwo spirals arc foyned from the sides 
of tk#*platc and are linked togetlar to form a d^iain of eddies by a sheet 
ofiiuid flowing froj\the trailing edge of tluj plate. , 

From the nuuiner of eddy forinatiftn it is evident that the i)ressure on 
the rear surface of tlio body*in a current of fluid will be less than normal, 
and subjectito periodic varmtion, the period de])ending on the time of 
formation of an eddy and so oti the sliape and dimensions of the body 
and on the veh)ciiy of flow. 

If the body is supported so as to be capable of vibration, and the period 
of eddy formation synchronises, or nearly so, wifh that of its natural 
vibration, oscillations are set up which may become very large. This 
effect may often be noted where a flexible bough dips into a steady stream. 
On account of this action, current meters, in which the pressure on a 
stationary flat plate is taken as a measui’o of the velocity, are not 
satisfactory. 


Aut. 16.- -Conditions regulating the Two Manners of Motion. 

Several conditions combine to determine whether in any particular 
instance the motion of water shall be steady or unsteady. Osborne 
Eeynolds^ came to the conclusion that the conditions tending to stability 
and steadiness of motioii are : — 

(1) An increase in viscosity. 

(2) Converging solid boundaries, 

(3) Frf e (exposed to air) surfaces. 

Cffrvature of the path, with the greatest velocity at the outside of 
the cur^e. 

And that the conditions tending to instability and unsteadiness of 
motion are : — 

(1) A decrease in viscosity. 

(2) Solid (rigid taTigentially) boundaries in generi^l and particularly 
diverging solid boundaries. 

(3) A stream of fluid flowing through fluid at rest. 

1 Tech. Report, Aviation Committee, 1911 — 

» “ Phjfc Trans. Royal Society,” 1883, 
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(4) Curvature with the greatest velocity at the iuside of fhe curve. 
j[5) Greater density 6f the fluid. 

Experiments carried out at Mc(jill University show tha/ an increase in 
pressure also tends to stability of motion. f 

The effect of solid boundaries in producing instability would ajipear to 
1)8 due rather to their tangential than their lateral stiffness. One very , 
remarkable instance of tfiis effect of boundaries po^essing tangential 
stiffness, however small this may be, occurs when a flip of oil is allowed to 
form on the surface of water. Here ihe oil film exerts a small but appreci- 
able tangential constraint, with the result that motion which was originally 
stable becomes uiislable. ' • • 

This results in the formation of eddies i)eiow the surfaces of ihe oil and 
water, and the energy which was originally imparted by thtfaction of the 
wind to form and maintain stable wave motion is now appii(‘d to the 
institution of this eddy motion, with the well-known result as to tlie 

stilling of the waves. 

Where one stream of liquid is in 
contact with a second stream mov-i 
ing with a different velocity, the 
common surface of separaliju is 
found to be in a most unstable con- 
dition. Reynolds showed this by 
allowing the two liquids, Carbon 
Bisulphide and water, to form a 
horizontal surface of separation in 
a long horizontal tube. The tube was then slightly tilted so as to pro- 
due^ a relative axial motion of the fluids, when* it was found that for 
extremely small values of the relative velocity the motion was unstable. 

» In this manner may be explained wliy diverging boundaries are a cause 
of instability. In such a case as that shown in Fig. 24, the motion from 
A to B in the parallel portion of the channel may be perfectly ste«?dy, 
depending on the dimensions of the channel and the velocity tl flow. On 
leaving^ B, however, at any but the smallest velocities the water appears 
to* be projected in the form of a core of the same dimensions as the 
channel, through the mass* of dead water at C and D. ^'Here all the 
conditions necessary in stability are present. 

This instability attending the relative motion of fluids of different 
density affords an explanation of the interesting phenomenon knaw!p as 
“ deadwater,” which is sometimes noticed when a ship encounters a 
“ surface la^ver of fresn water, overlying the denser sea-water. Under suck* 
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circujpstances# the resistance to motion .is f^reatly increased. The 
phenomeiKi^i has l)e:Mi investigated by V. W. Ekinan (Norwegian Polar 
Expedition Iteslu’chiis. I8b3. No. 15), who founrl that the resistance is due 




Fif:, 2.')» 

{,o*the forir||ition and maintenance of a train of wtives at the surface of 
separation of flie fluids, as slu>wn in l^'ig. 25. 

More rt'ceiiii ex}>Hriinents^ tend to sliow that the foregoing co/iclusions 
as to the effect of curvature of the ])ath in affecting the manner of 
motion are not justified, and that, as shown at 4he imj^act of a steady 
jet on a plane surface, at the efflux of a jet from a sharp-edged orifice,, 
and in motion in a free vortex, carved motion with the velocity greatest 
at the inside, Tint at the outside of the curve, tends to steady motion. 
Genea’aHy spcuiking, wherever th(’. velocity of flow is increasing and the 
pressure diminishing, as in the case whore lines of flow are converging, 
there is an overwhelming tendency to steady motion. In a tube with 
converging boundaries, it is this which leads to steadiness* of flow, 
and it is because this effect is sufficiently pronounced to ovei’come the 
tendoncy to sinuous motion which all solid boundaries, of whatever form, 
produce, that the motion in such 
tubes is steady for very high 
velocities of flow. 

Art. 17. — Critical Velocity. 

The Experiments by which 
Professor Reynolds demonstrated 
the natoe*of the two modes of 
motion of watei; were carried out 
on glass tubes of various diameters 
up to ^ inclufs, and about 4 feet 
6 inches long. These were fitted with bell-mouth entrances, and were 
immersed horizontally in a tank of cleti* water having glass sides 
(Fig. ^6). In carrying out the experiment the water in the tank is 
allowed to come absolutelj^ to rest, and 'the valve A i% then slightly 

1 By the Author, “Memoirs, Mauchester Lit. and Bhil. Soc.,’’ Vol. 66, 191 13. 

‘ W Q • 
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Opened, allowing water to fl9w slowly through the tube. ^ little water, 
coloured with aniline dye, is introduced into the mouthpiece through a 
fine tube supplied from the vessel B. i ** 

At first this coloured water is drawn out into^ a single stream tube, 



i w/ 
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extending through the wlude length of the tube, as shown in Fig. 26, the 
whole appearing i > be motionless unless a slight motion of oscillation is 
given to the water in the supply tank, when the stream line sways gwitly 
from side to side, but without in the least losing its dufir.ition. As the 
valve A is further opened the velocity through the tube increases, and the 
stream tube is drawn out more and more, still retaining its dem-iition 
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until at a certain velocity eddies 
begin to be formed intermit- 
tently near the end of the tube 
more remote from the mouth- 
piece (Fig. 27 a). 

The formation of these eddies 
is very clearly denoted and is 
accompanied by the almost in- 
stantaneous diffusion of the 
colour band. As the velocity is 
still further increased the point 
of initiation of eddy motion 
advances towards the mouth- 
piece, this point being fixed for 


/ any one velocity 'Finally the 

motion throughout becomes unsteady (Fig. 27 6). ‘ 


Any initial disturbance ai the water tends to reduce the velocity at 
\vhich the motion changes from steady to sinuous, and which is ji«>fmed 


the Critical Velocity. 


Having determiited the nature of the two manners of motion possibles 
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in a j^arallel jipe, and the existence of a “ critical velocity,” below which 
the motion is steady, and above which it i« unsteady, Eeyndlds determined 
the law of tesi|tance in tlie two cases and the points at which the change 
takes plaf'G, by measur^ig the loss of head accompanying different velocities^ 
of flow. On plotting a curve* skewing velocities and losses of head 
, (Fig. 28) it was found that up to a certain velocity, for tyiy given tube, these 
points lie on a straight line passing through The origin of co-ordinates, 
^bove this veloc\^ tlie ]^)ints lie more or less gn a smooth curve, 
indicating that the loss of head is possibly jiroportional to r”. 

To test this, and if so To determine the value of n, the logarithms of 
*tl*e loss o4 hgad and of 
the velocity were plotted • 

(Fig. 2<)), simie if 
h = /,: 

log h = log k + n lo^ V 
which is the equation to 
a straight line, inclined 
at an angle 6 to the axis 
of log r (where tan d='a), ^ 

and cutting off an inter- 
c(‘pt = log k on the axis 
of log h. 

It was then found that 
with velocities increasing 
hotweeu each pair of ox- 
})eriineiits, the plotted 
points lie on a straight 
line up to a certain point 
A, the value of 0 for this 
line being 45'^'. Up to this point n is unity and h i« proportional to t?. 
At*^, «which marks the higher critical velocity, or the point at which 
motion, initially steady, becomes sinuous, the law suddenly changes and 
h increases very rapidly. The relation between h and r, however, follows 
no definite law/*, until the point B is reached, where the velocity is*ab?)ut 
1*3 times fhtijt at A. Above this point a perfectly definite law holds, the 
plotted points fromfR to C and onwards lying^oif a straight line. 

The angle of inclination 0 of this liii^ varies witti the material and 
surface of the pipe, but is constant for any one pipe. 

With a lead pipe, tan d = 1*722, so that here the law of resistance ' 
above the critical point is h a v’ 


c 



Fih. k. 
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When the velocities are decreased between each pair of experiments, it 
is found that 'the plotted points follow the straight line^C B Dio its 
intersection I) with D 0, i;,idicating that eddies once initiatei^ do not die 
out until the velocity is reduced to that corresponding to 1). The velocity 
at I), which is less than that at A, jis tomed tlfe lower or true critical ’ 
velocity. 

For velocities be^Lweeiu D and A the motion, if steady, is -unstable, " 
and any initial disturbance will produce e^y mot^h which will not 
die out. < 

A consyl oration of the part of the log h, log r, curve between A and />^ 
shows that here tlie value of n is greater tlian before A or after /?, and 
that with motion of this intermittently in;steady or unstable type tbe 
increasey^ resistance accompanying an increase in velocity is^ greater than 
even when the motion is altogether sinuous. This would appear to be 
due to tbe fact that jvitbin this range of velocities eddies are being 
initiated in the tube, and the loss of head in the tube is due, not only to 
the actual resistance to motion, but also to the absorjition of energy in 
eddy formation. After B is passed tbe eddies fill tlie whole length o^ 
tube, and the loss of head is then simidy due to resistance to motion 
through the tube, i.e., to the maiateiiance, as opposed to the initiation, 
of eddy motion.^ 

As a r^isult of his experiments, Reynolds concluded that tbe critical 
velocity is inversely proportional to the diameter d of the pi 2 )e, and is 
given by the formula ^ 

1 P 
^ ' ~ 'b ' d ' 

where b is a numerical constant. 

^ „ P X therefore depends on the temperature of the 

^vater. 

If f = teinperatiA'e in degrees centigrade, then for water the value of 
P is given by 

~ 1 + + -ooca^j^' 

*TMf>Ssrs. H. T. Jlanirs tiiid E. G (!oki*r, •* J’roc. Hoy. Soc.,” vol. 74, determined the 
critical velocity by allowing water to flow through the given tube, whichewas jacketed 
with water at a higlier teinpeiYmr’- A delicate llicrinometcr indicated thb temperature of 
the discharge water at exit. So long as the motion js steady, the tnhismission of heat through 
the water takes place enhrely by (;ond|jiction and is extremely slow, so that tbe t liermometer 
jlivea a steady reading [uaettcally identical with that in the supply tank. JmmediateJy the 
Dritjcal velocity isatlaimd, however, the temperature of discharge incieases rapidly ifiM Die 
phange from steady to unsteady motion is manifested by a sudden jump of the mercury 
Lin cad ol the thernVomeleito 
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Thus when i = 

32° F. 

= 0° C. 

. P- 

1. 

t * f — 

62° F. 

= i6j"C. . ; ! 

. = 

•616. 

M • » |f = 

100" F. 

= 37f G. . , . 

. P- 

•886. 

a , )> *' — 

212" F. 

. = 100° C. 

. P = 

•1523. 

If the unit of length is 

1 mfetr^ . 

. h = 

43-79. 

t) j) ft 

ft 

1 foot* * . 

. h = 

A 

4-06. 


Tliis gives the higher G. V. at which steady becomes eddy motion. 

^Exactly the saral^formuh^ but with a different numerical coefficient, 
was found to hold for the lower (U’ue) 0. V. at which eddy becomes 
steady motion.^ • 

• • Here the unit of length is J metre . . . . = 27B. 

„ ,, * „ ,, 1 foot .... Z) = 25*8. 

\^tli ii’ater at 10'^ G. -50" F. — 

Motion is steady if /• </ < ‘02!) 

„ unstable if r d ^ 

< -182 

„ turbulent if v d > * 182 
the unit of length l)Ging 1 foot. 

More recent ex})erimeiits,‘^ carried out on glass tubes by the colour band 
method, show that by taldng the greatest care to eliminate all disturbance at 
entry to the tube, values of the higher critical velocity considerably greater 
than (up to B’Od times as great as) those given by the above formula may 
be obtained. The probability is, in fact, that there is no definite higher 
critical velocity, but that this velocity always increases with decreasing 
disturbances. It is very doubtful, moreover, whether the Reynolds law is 
strictly true for diameters much in excess of those (up to about 2 inches) 
covered by his experiments. 


Aht. 18. -Critical Velocity in a Conveuoijto Tuhe. 

The ifumerical constanii involved in the case of the stability of motion 
in flow thrdugh a parallel tube have been accurately determined, but not 
in the *case of a converging or a diverging tube. At sufficiently low 
velocities we know that the motion is steady in any case, but in con- 
verging or Hijierging tubes the angle of inclination of the sides has a 
great influence on thft velocity at which stable ?)eJomes unstable motion. 

^ Phil, Trans. Roy. Soc.,” 1883. Also “ Scientific Papers,” Osbonie Re^^olds, vol. 2, pp. 
51—103.* This coefficient was obtained from experiments in which the resistance to flow at.,: 
different velocities was mcasure«l. • 

* lilcioan, “ Arkiv. fiir Miilematic, A.st. och Fy.s,” 1910. Hand 0, Nl». 12. 
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The exact effect of altering this inclination is still unkno^yn, except that 
increasing tlie/angle of divergence rapidly diminishes the stability /while 
in converging tubes stability of motion rapidly increasef with the angle 
of convergence. At all ordinary velocities in fact^the motion in tubes or 
nozzles having more thjin a few degredls of convergence may be considered ' 
as being steady, lixperiments by the author ^ on pipes having sides con-, 
verging uniformly at an dngle 0 gave the following results. The ciitical 
velocities were obhiined in the usual way, thy plot^g the logarithmic 
homologues of loss of head and of velocity at the contracted section, 
noting the point at which the index of v b^iddenly changes. As the 
motion at the entrance to the larger pipe was in every /;asr unsteady, 
owing to the bends and irregularities in ♦the supply pipe, these values 
mark tno lower critical velocity at wliich eddy motion "settles down 
into non-sinuous or stream-line motion. 


ValiH's (i( 0. 


C. V. feet per socoinl - 
At large section (li-incli 
„ throat (1 pi ricli (liiuii.) 

„ point whctc cliJiiii. is 25 incln's . 


6®. 


JO'-. 

IS®. 

jr> 

j’y4 

2*44 

3*25 

(;•<» 

7-7() 

9*77 

]2'9 

2-7 

3-45 

4 *34 

5*73 


The temperature of the water in these experiments was 57^° F. 
The lower critical velocity in^’ parallel pipe of the same mean diameter 
(2J inches) at this temperature is 0T83 feet per second, while in a 3-inch 
and a IJ-inch pipe it is respectively 010 and 0‘20 feet per second, the 
higher critical velocities being respectively 0’8(), 0*65, and 1*29 feet per 
second. Should the ratio of higher to lower critical velocities have the same 
value in a conical pijie as in a parallel pipe, this would mean that in the 
case of a IJ-inch ^et discharged froTu a converging nozzle with steady 
flow in the supply pipe, the critical velocity would have the 'following 
values— 


^ ViiJiiP of $ 

5". 

7r. 

, 10°. 

VP. 

C. V, (higlier). per second f. 

1 39-0 

1 __ 

50-4 

H.^5 

I -.83*8 


and this would explain the glassy appearance of tlic high veloc^Hy jet, 
leaving the uozzle of a PeltoiA wheel. Further experiments are, however^ ' 

I »Vrocccdings, Roy. Soc. B..” vcl 8.% 1910. )). 37(1 
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leeded to settle this point and also to determine how, with the same 
mines B but with different inlet and outlet diameters, the cfitical velocity 
lepends on Jlie Ifiter factor. 


art. 19. — iAkmON OP A l^’LUID. 

• 

Thff motion of aiw particle of fluid acted upon by external forces and 
by its own weight i\y be CMisidered from two points of view. In the 
first, by equating the work done on thfe mass to tlie increase of energy in 
the potential, pressure, anS kinetic form, together with the^-loss by 
dissipation, «,8 J)y internal friction, which converts mechanical energy 
into heat, we get an expressimi for the velocity in terms of the applied 
forces. With*steady motion of a noii-viscous fluid this method hs^always 
applicable. 

Where a mass of fluid has unsteady — sinuous— motion, however, the 
uppossibility of determining the kinetic energy possessed by its eddies in 
virtue of their rotation renders the apjilication of tlie energy equation 
impossible, and it becomes necessary to consider the motion from the 
point of view of the ])roduction of momentum, since the momentum 
of the fluid forming a vortex is unaltered by its motion of rotation. 

With unsteady motion,, moreover, of a viscous fluid, the magnitude and 
direction of the forces— including those due to viscosity — acting at any 
particular point become indeterminate, so that the molecular motion at 
the point is then indeterminate, and the general equations of motion 
become in general imjjossible of application. Even in the case of the 
steady motion of a viscous fluid, these, when stated in terms of the 
viscosity, become so unwieldy that, except in one or two particular cases, 
e.g.f those of steady flow between parallel plates o^j through a circular 
pipe, they are unfitted for application to the solution of any practical 
problem,, although wliere so applicable the solution Hiiecomes perfectly 
accurate? • 

A simplifiPcation of these equations may be obtained by neglecting the 
effect of viscosity— t.c., assuming the liquid to bo a perfect fluid— and it 
itji^i this form tliat they are usually stated. Evidently the solution ‘bf 
any su^h equaj^ion can only be made to ajiply to the results of any given 
problem by the intrflPfi action of some constant Obtained by experiment 
which itself has the eflect of modifying th^ solution so as to take into 
account the effect of viscosity, and it is to this extent that hydraulics is to 
be considered an experimented science. If it were possible in every case 
to apply the equations of motion in full, the science Would becqme exact. 
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The equations m mu are aeaucea in tne loiiowing pages, ana me terms 
involving viscosity are afterwards eliminated, so as to ^ive the *iorra as 
usually stated for a non-viscous incompressible fluid. ^ c* 

Afterwards, in considering the motion of fluids, it will be assumed 
that with uniform steady motioji <the distAbuiion of pressure is 
unaffected, so that the pressure aU.-my point is the equivalent of the 
hydrostatic pressure du^ to its depth. This appears from the general 
equations of motion. Also the further assumptioiyjs made, that if^the 
moving particles have the accelorfition which they would have if acted 
upon by their external forces alone- if independent of the surround- 
ing particles — the pressure throughout is uniform. Thus, in a jet faKihg 
freely thuough the atmosphere under the^ action of gravity, the jnessure 
throiigjiout is sensibly uniform and equal to that of the atmosphere. 

The principles on which the following demonstrations are based may 
be briefly indicated, a^nd are as follow : — 

The Principle of Linear Momentum.- The rate of change of the com- 
ponent of the linear momentum of any system in any direction is equal 
to the parallel component of the applied forces. i 

The Principle of Angular Momentum.--The rate of change of the 
component of angular momentupa of a system about any axis is equal 
to the moment of the applied forces about that axis. 

The Pyinciple of the Conservation of Energy. —The sum of the kinetic and 
potential energies of any system is constant, cxce})t for the effect of such 
dissipative forces as frictio#' which convert mechanical energy into 
heat. 


Art, 20.-- Equations of Motion for a Viscous Fluid. 

Taking a fixed point 0 in the fluid as the origin of co-ordinates, let OX, 
OY, OZ be three co-ordinate axes, and let u, r, iv be the comppnents of 
the velocity of a particle parallel to these three,axes. ti, i\ and ?#, wiil bo 
supposed finite and continuous, and, since they vary with tli« position of 
the particle and the time, are functions of x, y, z, and t 
wThe velocity of a particle may be considered from imi points of view. , 
Considering nny fixed point, the velocity of successive particles as they 
pass that point may va 5 y,*and since x, y, z are now onstant, the rates of 
variation parallel ''to the three axes are represented by the partial 

differentials etc. For steady motion these are separately zero.*'^ 

If, ]jowever,-wo cqueider the variation of velocity of any one particle aS .v 
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variation of with f, its components wiil now be represented by ^ 


it moves from point to point of its path, since this now also includes the 

d u 

1 

etc., and aj;e the ^components of the true acceleration of the particle. 
These are not necessaril^^zero for ateady motion. 

If then a particle moves from %? point (.r, y, z) to a second point 
(jf + 6 a: ; 2 / + 8!/ ; + 6 :;) in time d /, its change^ of veibcity 5 u is given 

* V 

a J , 


S n = 


d .V \d y ^ ^ ~rt 


+• 


d V 


and in the limit 

f, a //, d X 

^ d t ~~ d X '(It ' (' y 
But from the definitions of //, h\ vve have 


d y , I' n d z d n. 
d t d z' dt'^ c t 


a) 


similarly 

and 


d V 

(It 
d ic 

(Ft 


d X 

■“d. t 

: V 

d // 

'~dt ' 

d ^ 

w=z -± 

d t 

U d 


d it 

d y d u 

~t ~ f' 


r -f ir 

d !/ 

c ^ d i 

(• d 

i = " ? 

:+ 

d r 

r - _ H- fr 

d r d n 
d z^ d t 

V d 


d {(' , 

d ir d ir 

= n ; 

+ 

r + ir 


[ (- 

X 

' 1/ 

d z'dl 


( 2 ) 

(8) 

(4) 


Next consider an element iry parallelepiped in the fluid hounded by 


edges 8 x, 8 ?/, 8 (Fig. 80). For 
continuity of motion the dillerence 
between the amounts of fluid which 
flow into and out of its faces during 
time 8 t must be equal to the in- 
^crease in the mass which they 
enclose. Expressing this analyti- 
cally, ^ we. get the equation of 
continuity. ^ 

Now the mass of fluid entering 
across the face ()>B in time 8 t = 
p n 8 y . b z . 8*t 

And the mass of f^uid leaving 
across the face C D in time 81 = pti 8 1 

.*. Gain across these faces q|p — 



. 8z . 8 -- {pu)8.x . 8y , 8z . 8 1 . 

\ 

“ (p v) 8 c , 8 y . 8 z . 8 t, 

nr ’ ‘ 
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Total gain 

(' a 




i a X + a 1 *’> + n ^ 


b X . 6 1^0. 6 z , 8 t 


But the mass contained at time t = p b x . b^tj . 8 • 

* *> »» >» » Jb+ ^ ^ ~ \ ^ ^ ^ 

' b X , b jj . b z. 

.*. » Gain in time b t =.[ ^ .•b t . b ;v/ b y . b z» 

0 0 t 

'Eqiviting these expressions for the gain,»we have 

^p.^ip lO tf'ip V) .bin ir) 

* dt'^ d~x ^ 


O0, # (5 

from*\yhich, if p is constant, he., if the fluid is incomprejjsible, we have 
bn , d V , b IV 

as the equation of continuity for an incompressible fluid. 




In the case of a. gas p is not constant, but we may have - =r constant 

c i 

in which case we have regular motion in the gas. * 

Now if the stresses in a viscous fluid (which follows the same stress strain 
law as an elastic solid) be represented by the notation etc., 

where, each of these symbols denotes a stress on the plane perpendicular to 
the axis of co-ordinates represented by the first sullix, in the direction of 
the second suffix, so that, ||Y example, the stress is «• stress on the 
plane perpendicular to 0 A’, in the direction 0 F, and is therefore a 
tangential stress on this plane, the relations holding between the various 
stresses for equilibrium are given by the following equations.^ 



. 1 Stokes on ‘SJ’heories of the intcnial friction of fluicid in motion and of the equilibrium and 
molion of elastic Sulius"; also Lamb’s “Motion of Fluids," p. 219, or “ HydrodynamhfSr^,;’ 
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where and p = Coefficient of Viscosity. 

But, considSiringl the elementary volume B x , ^ y . B v;e see that the 
total force a'cting on this ^oluine, due to any variation of stress on opposite 
faces of the volume in the directioif 64 A", is 




iv + Bx.By.B z: , 
1/ c : } ' « 


S(^ thiit if an exte^^ial forc^, having a component A per unit mass in 
this direction, also act on the element, *ve have 


Total force on element# __ f , d 
• • in direction O A" ) “ L\ a ^ ' 


• B . B y , B z. 

This equalf^rajiAsX acceleration) _ . x 

of element in direction O A ( “ ‘ * ’ 


dy 




8.'X 


d u 

IR 


\ c X y d z / d t 

the accelerations in directions 


Similarly, considering 
0 ]' and 0 Z, we get 


r + (: + ''Jhji + b>2i\ = 0 ii 

\ X 0 y \\ z ) ^ d t 

\ X 0 y () z / d t 


(9) 


ISSi"), p. r»08. Ill this (liscussioi), y/jj-, etc., are reckoned positives when tensions, while p, as is 
common in h><ln)<lynaiiiical problems, is reckoned positive when a compression. This 
accounis for the negative si^n before p in (7). 

1 Tins may be proved as follows. The difference of normal stress on the faces 0 B and 


r7)(I'ig. = 

0 ./• 

Difference of normal force on these faces = $:r. 

d a* 

5 // . 5 z. 

Also the difference of tangential stress in the direction 

0 on the faces 0 (7 and Ji 1> = -z—- 5 y. while the 
•• ^ y 

resultant f®rce due to these tangential stresses in this direc- 
tion = . 8 a? . 8 . 5 z. 

^ y • 

Similarlj^ the taif^ential stresses on the faees 0 1) and 
i? ^7 in the direel ion 0 A’iigive rise to a resultant force 


Z 



0c 


. 8 a? . 8 y . 8 c. 


ff) 

Fio. SOa. 


These include all the forces due to variation of stress across the element, which have a, 
component in the diiection 0 A'. Silhimiiig these, we get the resultant force in the direction' 
of increasinflr x. Similarly for the forces in the directions 0 ^and OY. 
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DifferontiatiDg the equations (7) and (8), so as to obtain the yalues of 
etc., in tlie case of a vLscous fluid, and insertii^j tbfe values thus 
obtained in equations (9), the first of these becqines * 

\x-^.p-KjL p" + '1^ ; ■' »■) + 2 M 
, n fM- V).r ^ off ^ oz) ^ 


V’ //^ (' J‘ . d y) ' ^ X . v;<: ^ 0 

Prom the equation of continuity we liave 


= /> 


d II 
d^t 


A1 I 

Also . ^ 

' f' a 


a u . a r , a w ^ ^ 

7+:^+ =0 


^ :v ' d y ' d C 

I fi' a I a T . a 7p\ 

i; ? 0 x ii z~ n V' 7 Tj! T * 

So thill the equations become 


+ 8 (V^/) 


d II 

^d t 

dr . , a p 

d IV 

'V/t + 


~ 0., + t' ■'’) 


a y 

a p 


( '',2 

r^o T- ■— i -I- ■■ 

a 7 * ^ a j/S ^ ,1 


i r , j T , 


( 10 ) 

i 


7 


The terms involving m in these equations are complex, and for purposes 
of practical application to Wfdraulic problems are usually neglected. If 
this is done, the equations of motion for a non-viscous, incompressible 
fluid bacome 

d u a n 1 

P - = /j A — ' 

(t t a X’ 

d V 

(Ft ' 
d w 


I r O 

rn = p i - 


a p 

// 


( 11 )' 


d t 


= p^-=7, 


or, writing j y in terms of etc., from equation (2), and' dividing ' 


d t 

throughout by p 

V 1 V a n 

^ : ir.-L = _ 

<1 y 

p d y ' a X ^ 0 y d i 

bhe.Eulerian equations of motion. 


p ®a !%• ” ' d .T 

V 1 r av 

y — — 1! — 


+ f . + ?r „ — 

(I t 

'3 


d z~ d t 


( 12 ) 



EQUATIONS OF MOTION 


Here^ the axes of co-ordinates have been taken to coincide with the 
principal axes of^tress. If, however, these are transferred, exactly similar 
equations arJobJiined. • 

In the case where gra|ity is the only external force acting on the fluid, 
X = o, V = u, and Z = — , 7 , g acting in the oj^posite direction to tlmt of 
4 increasing. ^ 

So 4iar, the equations are applicable to moticfti of any kind, whether 
steady or unsteady, b\. in thei* 
present form are not obviously 
useful for the solution of aii^ 
practical protle^i. So long as 
the motion is sinuous and ( 
irregular iTbtlmig further can 
he done with them. 


AitT. 21. — Application to 
Stream Line Motion. 

If, howev(^r, the fluid be 
moving with definite stream 
line motion, these equations 
can be considerably simplified. 

Suppose a particle moving with 
stream line motion from O, in 
the direction OS (Fig. hi ), with 
velocity U,, the space O*'? being 
5 's. The direction cosines of 

this motion in the directions OA", OF, OZ, are 



d X 
d if ' 


ill 
d 8 ' 


d z 
d 8* 


Also 


d X u 

d 8 " 1] 
d y _ V 
d 1* F, 

d Z 7V 

d8~K 


= I 






Again, geometrically we get 

I? = (18) 

And • F, = Z w + m r -f n w, (14) 

For stream line motion, apd with only gravity acting, the general , 
equations ( 12 ) may then be written 
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f # ® 


l>7lx 3« \ "V3.,; + 

pOy dt. ''V r- .f; ^ 

-r/~ = ( 


?/, , c 

W ^ (- n - 

/' If a 


/« -j- /// 

#./• 


+ // 

i " 

f' w , a /r\ 
// 0 


(15) 


Now 


( I '’ "' + « r-"- + >1 "] = '' ■'■■ '1!' + 'i..'/ « 

\ ‘'2/ ‘'-"Z (I ■i-ii.i- d 


(/ // 

_13;)_3h 

p 3 ,(•• 3 t ” ,ll 

_!'«)>_ dv ,ydv 
p 3»/ dt^ ‘ds 

. „ _ 1 1' i' = "5 , T7 'i»<' 
■' »-■- 3^ + 


^ 2 / ^ <2 » ' 


a n 


(16) 


Multiplying ttipso equations respectively by /, w, and ii, and adding 
gives 6» 


-«,-W 


i"Va_ 

0 X 0 y 


4. „"t'\ _;3w , 3 d , 3,„ 4 

+ "37)-'3/+™Fi+'“s;+«7 


' « .S' 


. W 


_L 

s ^ d 


d s * 

From ( 1 -t) we get = I ® "4 ^ 

From (,13) we get = 2 " 

Ai^ + = 

^ ^ 3 ly 0 ,2r (2 ^ 

.•. Substituting; equation (17) becomes 

i . 1 i ty,. 

p ds d t ^ 2 d 8 ^ ^ 


d 8 

(17) 


a r 

J’ 


■ » // • 


or, smcG II = 


or, 


(/« 


it IX tl O 71 * » O 


d 


da pda ^ t 2 d 8 


A. 


3F. 


dhi\p 2 g'ji 

,. If 71' = weight of unit .volume of the fluid, W = p g, so that'the 
equation mu^ be written . 

•A r.P 4 . -. \ / 

i d s[iy ^ 2 g'^ ) ~ g~d t' (1®),, q 
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Integrtiting thfe we get + « = — J |-y • A s (19) 

In steady' str'im line motion, the velocity at ‘any fixed point remains 
? 1 " % 

constant, so that 0, and the equation then becomes 

W + + ^ = constant. (20) 

•This equation hoys "throighout any particular stream line, but the 
constant varies from one stream line«to another. When all stream lines 
start under tlie same condftions, as in the case of a flow from a small 
orilice in th% b^se of a vessel, tlie constant is the same throughout. 

Art. 22. 

By an algebraic transformation, wo may obtain from the general 
equations of motion an equation giving the rate *of increase of kinetic 
energy, which becomes equal to the sum of two terms.^ The first is the 
rate of increase of kinetic energy due to work done by the stresses, and 
the second has been called the rate of increase of kinetic energy in the 
form of heat. It follows that the u, r, which have been defined as the 
component velocities at the point 0, muse strictly also take into account, 
and include these heat motions. From this point of view we may say 
that if the heat motion dissipated by radiation and conduction is equal 
to the relative molecular motion, the motion as a whole is steady. If, 
hovever, the relative molecular motion is greater than that dissipated in 
this way, we have eddies formed. 

Art. 2y. — F low against Viscous Kbsistancb. 

The resistance to steady motion of a fluid throu^i a pipe or channel 
is simply due to the viscosity of the fluid, and not to ^ny actual slip at 
the bouijdary of solid and fluid if the adhesive force at the boundaries is 
sufiiciently great to overcome the shear in the fluid at these points. That 
this is true, at all events in the case of water at pressures slightly above 
atmospheric, may be shown by immersing a glass tube horizontally jn 
water and introducing a drop of aniline dye to the bottom of the tube. 
If now ^ater be alIo\^d to flow through the tulie,,the coloured matter in 
contact with the side will not be removed so long as the motion remains 
steady. Directly the motion becomes unstSidy, however, rqpid diffusion 
takes ^ace and the colouring matter at once disappears. It follows from 

‘ Phil. Trans. Roy. Soc., A., Vol. 186, 1894, p. 123. Reynolds Sci. Papers, Il.f p. 635, 

H.A/ 
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this that with steady motion the resistance is independenj^ of the jiature 
of the solid surface. With Unsteady motion on the other ^and, there 
would appear to be an ^actual interchange, by the biiaking^ down of 
adhesion, of molecules in intimate contact with t^ie boundaries (Arts. 17 
and 67), and since any such interchange will be greater as the rough- 
ness of the surface, increases, and will vary with the material of the pipe^. 
it might be inferred that resistance to unsteady motion will depend 
on the state and material of the surface, aud .vill inc><3ase as its roughness 
increases. 


Art. 24. — Steady Flow between Horizontal Paralj^ex Plates. 

Take OX, OY, OZ, co-ordinate axes in the fluid (Fig. 32k Let the 
direction of motion be parallel to the axis of x, and the plates perpen- 
dicular to that of y. Sup- 
pose the boundaries in the 
direction of OZ to be in- - 
finitely distant, so as not to 
affect the motion, and neg- 
lect the effect of gravity. 
Let 2 h = distance between 
plates, and let OX bisect 
this distance. 

Let u, V, and w denote 
velocities of flow in direc- 
cions OX, OY, OZ. Then v = 0/.*. if p is the intensity of normal 

pri^sure on any plane perpendicular to OX we have = 0. The 

variations of velocit;; and pressure in the direction OZ may be neglected, 
since the boundaries in this direction and therefore the points at which 
the pressure may be zero, are at an infinite distance. 



It follows that 


dp 
d z 


0, so that on any plane perpendiculr.r to OX the 


intensity of normal pressure is uniform. 

The tractive— or shear —force on any plane perpendicular to ()Fiind of 

area .-4 is g ^4- • where n = coefficient of viscosi’y (Art. 4), 

dy 

The difference of tractive lorce on the two faces of a stratum of tjiick- 
^ndijs 5 y, and of area A (Fig. 32 b), is thus given by 
d \ d II ) ^ tP u . . 
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i,e,y the rat^ of change of this force with respect to ?/, multiplied by the 
change iny^ • 

But if h is th^ width of the stratum, and 2 x its length, the area of each 
end = ;> 6 ?/, while its Irea A =Jt d x. 

Also, since for equilibrium the (^Ferenceof traction on the two faces oi 
the stratum is equal to tlie dilFerence of normal j)ressupes on the two ends, 

d X d y^ * 

Integrating^hfc expression, we get 

n n jf + - . ?/ . where C and B are constaiiti^f 

^ g d X 

Since the motion is symmetrical about the axis of. a;, i.e., is the same foi 
equal positive and negative values of ?/, the term involving the first power 
of y must vanish, since this would change sign with ?y, so that B = o. 

Again for uniformity of flow is constant, while, assuming no slip al 

(t X 

the boundaries, we have u = o for ?/ = 4; /n 
Determining the constant Cy so that these boundary conditions are 
satisfied, we got 

“ - a M I y ^ dx 

i.e.f the pressure diminishes as x inci’oases. Evidently, too, from the form 
of the equation the curve of velocities is a parabola. 

The flux over unit width of the plates is given by 
h 


- h 


j 2 

n d y — — 

8 m 


if 

d X 


Ifithe*measurenients are taken in pounds, feet, and seconds, the volume 
per second ifi cubic feet, Q, is given hv 

. 2 dj> 

3 m d x’ 


Q 


* This 'may be deduced^ ircctly from the general equaf oi» of motion, p. 62, for since 
{1 u 

» *» 0 ; MJ = (> ; tt ; equations (10) reflucc to 


dt 


Since ■ 
dy 


d P 

rz ' 


d 11 


(J i) 

d u 

' in 


U, this bCCOtL’t'8 ■ 


■ X- 

a j 
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If 2)1 — = fiill of pressure between two points at a distance I apart 

this becomes ». 

- 0-^ Py - Pi 

^ Bm • < • f 

, 4 

The maximum velocity occurs at ^ihe axis, where y = 0, and equals 
— jt* . ‘ 

2 n (I ,x •> 

, t... Hux over a section ] 

area ‘oi section 

r , Maximum velocity _ 8 

Mean velocity 2' 

The shear stress on the boundaries is given by 


‘2 h 


'6 ix d X 




■ h. 


I 


Art. 25.— Steady Flow throiioh a Circular Pipe. 

Suppose the pipe to be horizontal, and, neglecting the effect of gravity, 
assume the flow to be produced by a uniform difference of pressure head 
along its length. Let the axis of x be the axis of the tube, and let a he 
its radius. Using the same' notation as in the preceding example, and 
assuming the velocity everywhere parallel to 0 A', we have v = o, w = o. 

' , df n ^ , 

- :.~=z0; = 0, as in the previous case. 

The tangential stress, or tractive force per unit area, on a plane per- 
peifdicular to a radius = g 

' Hence for a cylinc’.rical shell concentric with the pipe, of length and 
having inner and outer radii r and r +or, the difference of the tangential 

force on the inner and outer surfaces will be 4^ { 2 tt r . 8 .r . u v— 8 r, 

V ( a r f 

and this must be balanced by the difference of normal pre^feure on the 
two ends of the shell. 


Since 




d r 


: 0 , the pressure intensity p at any paint of the section. is 


uniform. 


TT r . 8 r 


dp*' ^ d 
— ^ 8 rr — — 


d X 




r.Sx.i^^^Sr 


— [ r ^ ^ P ’’ 
dr \ d r ) d x*lx 
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Integrating, we get 

Since tlie velocity at^he axis, where r = o, cannot be infinite and since 
log 0 = inf., A = 0 . • 

, Deteniiining Ji, bo that u = o when r = ± a, i.c.^^ior no sli^D at the 
boundaries, givca * 

tt= i .| (2) 

4 IX dm' [ ) 

^ So that the flux uhrough flie pipe, which equals 

/ u . 2 t: 7' d r •= cubic feet per second. 

^ H fi dx ^ 

Writing as — where jh and ^2 are the pressure intensities at 
a distance I apart, along the axis of the pipe, we have 


^ Pi - Ih 
H IX ’ I 


- cubic feet per second. 


The maximum velocity is obtained by putting r = 0 in equation (2) 
and equals - feet per second. 

The mean velocity = P~r~- = r ^‘'^t per second. (8) 

area of section H ix I ^ 

.•. Maximum velocity = 2 (mean velocity). 

On equating expressions (2) and (8) it is 
readily shown that the filament of mean velocity 
is found at a radius '707 a. 

From equation (2) we see that the curve of 
velocities across a diameter is a parabola, and 
that the surface of velocities for the pipe will be a paraboloid of revolu- 
tion (Pig. 33).i '■ 

• 32 u / . . 

If V = moan velocity, we have 2h — ~ — » Poiseuille’s form 

of the equaliion. (Arts. G3 and 64.) 



The •shear sfress at the boundary is given by^ 


d u _^r d^ __ a pi — p 2 
^ d r 2’ d X 2 * * I * 


( 4 ) 


* For a curve sbowing the variatidhs in velocity for stream line flow tlyough a two-inch 
pipe, see a paper by Moitow, “Troc. Roy. Boc.,” vol. 76, 1906. 
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Art. 26. — Steady Flow through a Circular TubEj assuming 
Slip at the Boundarikh. / 

f 

• If we assume slip at the boundaries of a circular tube, some assump- 
tion must be made as to the magnitude, of the sliji before any determina- 
tion of the pressure fall along the 'tube can be made. Assuming, at 
seems rational, tbarL the velocity at the boundaries is proportional to th( 


(dlO =?, velocity at boundaries, tl^er 

. y " from (4), Art. 25 

Using this to determine B in equation ( 1 ), Art. 25, and ploceeding ai 
before^, we finally get 


tangential stress u 
t (du\ 

^ [r/ 


r)r 


y = y ^ 1 + - 1 cubic feet per second. 


Art. 27.— Genesis op Eddy Formation. 

The reason for the sudden change from steady to sinuous motion in t 
pipe at the critical velocity is not clear. It has been suggested that th( 
change takes jilace when the shear stress, accompanying the varying rati 
of flow across the ])ipe, becomes greater than that which the liquid ii 
capable of withstanding. Thij^4his theory is untenable is clear if it bi 
remembereij that in viscous flow through a pipe the maximuin sheai 

occurs at the boundaries, and has the value ^ (p. 69). For the theor;; 

td'iiold, this shear stress must have the same value in any pipe for tin 

initiation of eddy m^f^jion, so that r ~~ must be constant. 

(Ji X 


But r := 

d X 


09 ) and therefore the critica 

TT r r 


velocity should vary directly as the radius of the pipe. Tjjis result ii 
directly opposed to the results of observations, experiments indicatin| 
that this velocity is inversely proportional to the radius.* 

The law governing the ^losition of the critical point was inferred bj 
Reynolds from a considc'^^VAtion of the general equations oi motion for * 
viscous fluid. 

'Here the fi^st equation of (9), p. 61, is 


PX+ (-^4. =-. 

\3<A- ^ d 


■ P I n .-V + v r b w . b ' 

I ox' d y ' d z ' d t , 
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Also for continuity we have 

d 11 d V .d 10 

d x' d i/' d z 

9 ?(; , P V , 


^ u y tt, ^ - ^ u ~ = 0. 

Pa; * C'U d z 


(} X • V If d z 

Adding this to the right-hand svfe of the above equation, this becomes 

\ J o ^ 1 / ^ 11 . ^ i'\ , f 3 u , dw \ P n 1 

p I ^ ^ + I 1- i 4- I w k ?/, 4- \ -\- r— y 


P n , d r\ 

V X -j- n ;r“ I 

dy dy) 


+0} 


, ^0 that the equation may be written 


' {% w) I ^ 

“T ^ ^dt] 


^ "h P ^0 + (Vv.r - P ^‘) 


• p U ''C) \ — p 


the left-hand side of this equation expressing tlfe force producing the 

d Ih . , , . . 

acceleration y-j;, in the direction 0 X. Taking this to be the direction 

of mean flow in a tube, and neglecting the external force p X, and 
iPjcx — P which simply marks the variation in the direction of flow, 
we are left with two terms whicli represent the variations in directions at 
right-angles to this. 8ince tliese involve the shear on parallel layers of 
the fluid, it is probable that the conditions involving steady of sinuous 
motion depend in some definite manner on these terms, and since, in a 
parallel tube, terms in y and z are similar and symmetrical if the effect 
of gravity be neglected, we may consider any one of these, and note how 
any variation in this may aflect the conditions of flow. 

Considering the term {'Pyj, — p v ii), substituting from equation (8), 

p. 60, this may be written 

The firstiof these terms involves the coefficient of viscosity fx, and is of 

uhe nature u while the second is of the nature oV^, 

space L • 

It was inferred then, that since the relative value of these terms probably 

determines the critical velocity, the latter will •depend on the relation 


Putting L =-r where d* is the diam^ 
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devoted toj determining whether the critical velocity wa^ given 

These experiments conclusively justified the inference /ndaed, 
viously indicated (p. 54), to the formula 



as pre- 


where P is proportional to /x 4- and 5 is a numerical constant. 



CHAt>®!E IV. 


Bernoulli’s Theorem — Elementary I’roof— Expeiinientnl Vsrificatmn— Apiilicattons — Con- 
^ verging Flow- i-oss due to sudden change in Section of a Stream — Special Cases — 
diradual Enlargement A)f Sccti(#i- Change of Pressure across Stream Lines — Vortex 
Motion — Forced Vortex -Free Vortex -Compound Vortex. 


Bernoulli’s Theorem.- 


Art. 28. 

-Tho theorem oxproasod in the equation^^ ■ 


y2 ^ 

j- ^ = constant, is commonly known, from its discoverer, as Bernoulli’s 

theorem. 

It expresses the fact that the total energy of the fluid per lb. in any 
stream tube is constant. The three terms denote (1) the pressure energy 

n . . 

per Ih. (2) the kinetic energy per lb. (3) the potential energy 

per lb. Zy where z is the height above some . datum to be fixed for any 
particular problem. The significance of the second and third of these 
terms is obvious, but some difificulty is often experienced in grasping the 
precise significance of the first, or pressure energy term. If p be the 
pressure intensity in pounds per square foot, and W the weight per cubic 


V * 

per Ih. (2) the kinetic energy per lb. ^ ; (3) the potential energy 


foot, the expression gives the height in feet of a column of water which 

would produce the statical pressure “p.” 

Now, if water is compressed in a cylinder fitted with a movable piston 
its pressure is enormously increased by an extremely small movement of 
the piston. Exactly the same thing would occur if some elastic solid, 
such* as indiarubber, were ^compressed in the cylinder, and, just as with 
rubber, so ^ith the water, the work done on the substance during com- 
pression would bg returned during a slow retrograde motion of the pistop. 

Since, du^to an increase in pressure of p lbs. per square foot, the pro- 
portional decreiftse in the volume of water is giv^u^by 

Vf _ p JO 

F‘ 31 X 144 Xl(f K 

Woric expended per cubic foot in compressing water to this pressure 
r*-^ . ^ = and this amount of work is stored in jbhe Wkter, in virtue 
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of itis elasticity, and would be given out during expansion. If, in the 
cylinder in question, the piston were fixed, and the water aV.owed to 'escape 
ihrough a small nozzle, the kinetic energy of the issuing jelii'- would equal 
Ihe above expression, while the pressure would, y^ith the remov^al of the 
ftrst few drops of water, fall to that ^f 4he atmosphere. 

The amount of energy thus stored ‘In the water per lb. in virtue of its 

3lasticity is ^ foot lbs., and if water were a perfectly incompressible 

fluid, so that K = oo, would be zero. But' this is not what is meant in 
hydraulics by the pressure energy of water. * 

Suppose, however, the piston pressed home with a continuous pressaio 
of p lbs. per square foot, while the water escapes from the'cylinder. The 
work^one on the water per cubic foot is now p foot Ibji.^^nd per lb. 

is foot-lbs. 
ir 

The pressure of the water is exactly the same as before, but now, so 
long 08 the piston is moving, the water is capable of doing work* m 

virtue of this pressure, at the rate of foot lbs. per lb., and this is whdt 

is meant by the pressure energy. 

The idea of pressure energy only becomes applicable when we have a 
continuous supply of watei' under pressure, as is the case, for example, in 
the supply pipes of an hydra^ilic power company. Here a continuous 
supply of pressure water is pimped into the mains, with a velocity which 
is in general so low that the kinetic energy is negligible. The potential 
energy is also in general negligible, so that it is in virtue of the pressure 
e^rgy alone that the water is capable of doing work. If, however, the 
pumps are stopped and the accumulators disconnected, the withdrawal of 
a very few cubic feefof water from the mains will reduce the pressure to 
that dorresponding to the statical head at any point, and the capacity for 
doing work to almost zero. ^ ^ 

Or consider an element of a stream tube of weight W,^at a depth h 
below the free surface, and at a height z above some datum. Its potential 
energy Ib W z foot lbs., while, in virtue of its position, its pressure energy 
is W hf its pressure “ p ” being W h. ' « . 

Removed from its connection with the surrounding mass of fluid, which 
gualrantees the permanence of the pressure conditions for a finite period, 
the potential energy is una'itered, but its available pressure energy is 
nbw practically zero— absolutely zero in the case of a perfectly Incono^i*; 
piressible fluid 
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Aet. 29. — Elementary Proof op Bernoulli’s Theorem. 

Makihg the a^niption that the fluid is nop-viscoua^ and therefore exerts 
)nly normal on any bounding surface, the ^roof of this theorem ia 
iasily dedilced. Consider the element — length S s — of a stream tube in 
mch a fluid, the only forfea tenditig^to produce motion of this element 
jeing its own weight and the normal pres- 
iiires qf. the surrounding fluid (Fig. 34). 

Let its cross sectional area at the top be 
‘u + ^ f^-od at the bottom “a,” tl^ pros- 
mre intensities at the top aad bottom being 
t) p and ^^spectively. Let tlie average 
lornial pressure on the sides qj. the element 
:)e q. AcUi< 4 U,y q will lie between p and 
p — S p. 

This normal pressure will have an un- 
balanced component q , h a along the axis, 
ind, since the fluid is non-viscous, the only 
Bflect of this pressure in producing motion 
ill the direction of the axis will be due to 
this component. 

Let the direction of the axis make an 
mgle 0 with the vertical. 



(p — 8 p) (a -{■ B a) --- p a 


zn q B a. 


Then the magnitude of the resultant | 
of forces on top and bottom faces = — a3p 

element, in the direction of its motion ) ( 

liesultant of normal pressures on sides | ^ 

of element in same direction 
The only other force acting on the element is its weight, and the 
resolved part of this in the same direction 

= I W (^a + B 8 cos 0 I 
■ aBj) ■ 


)B a ■ 


Resultant force in) 
direction of motion J ^ 

= mass X acceleration 


q Ba W 


(•+V) 


& s . cos ^ 


JF (« + y) 


8 




V where v = velocity 
ff d^t ^ of element. 

Putting qzzip^k B p, and neglecting snmll quantities of the second 
ordqr, we get 
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8 « 


Bat ^ ^ ® cos 0 z=:^^ B ])eiiig moasiired vev^ically U 5 )war(la 

and B z being the difference of level of the two cuds of the Element. 


Equation (1) hecoines — B v — W 8 z — B p 


or 


B 


V B V TE S S /) = 0. 




When B s, S p, are indefinitely suiall we g(‘.t^ in the limit, on integrating 
JV 

■ — . ... + Jr^z + p = constant 
a 2 ' ^ » 


(|)r 


- -- 4- z = constant. 
‘ IE ' 


Ys) 


Art. 30. 


Since v is the velocity along a stream lino, any attempt to apply the 
equation to the motioii of a mass of fluid by taking v as the mean velocity 
^of the mass will obviously lead to error unless the square of this mean 
^ocity, multiplied by the mass itself, is equal to tlu^ sum of the squares 
virtuEe various stream tube velocities, each multiplied by tlu^ mass 
jg jjj.Jned in its own stream tube; and this is only true when all the 
^eam lines arc parallel and have the same velocity, and when, in con- 
gQ^quence, no internal work is being performed against viscosity. 
theWhil^ this state of affairs is never accurately realised in the case of the 
g^p^tion of water in pipes or oj3^ channels, yet the equation maybe made 
-g i^ipply'tojj'uch cases by the introduction of a term involving losses of 
rgy due to viscous resistance. 

E.g,f if the suffixes (1) and (2) refer to two successive positions of a 
patele of viscous fluid, we may say that 


Pi 
W 

represfents 




+ ‘^^ 2 . 


this loss of energy between the positions (1) 


where iHg 

and (2). 

Where we have turbulent motion between (1) and (2), this equation may 
still be usefully applied, 1//2 now including the loss of energy in eddy 
fdrmation. Applying this to the case of flow through a pipe or channel* 
of varying area, it is usual to assume that the equation fftill holds when 
and i’a are the meafc velocities of flow in the dlrectiou of the afis at 
the two sections (1) and (2)^^ 


J In the casebf flow in a straight’})ipe with the transverse curve of velocities in the^^orm (rf 
a semi-ellipse, the actual kinetic energy of flow parallel to the axis is about 2 per cent, greate:^ 
than the value oomput^ from the mean velocity, w^en the latter has a value of $ 
pw second* 
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• • 

Where the flow changes from steady to unsteady between (1) and (2) 
he teAn \Ih 'WH then include the kinetic energy due to motion in 
lirections pe'^pe^icular to the axis of the pipe. , 


Art. 31. — Experimental '\A3rificatton of Bernoulli’s 
Theorem. 

• • 

The apparatus shown (Eig. 35) consists of a horizontal passage having 
Darallel vertical sides of ])late glass, the first half forming a converging, 
ind the second half a (liv(frging chanmil. The ])assago connects two 
"0Bftrvoirs, A and B, and jnessure tubes are erected at frequent intervals. 



Water is fed into the tank A, which is of large arej compared with the 
passage, and is led away by the overflow C, By suitable regulation of the 
flow into A, and of the height of the overflow (7, th^ velocity of flow 
through "the channel and ^he pressure at any point may be regulated as 
required, ^liline dye may be introduced into the incoming stream of 
water by means of the capillary tube T, 

At very low sp*eeds the motion throughout the passage is steady, aifd 
the curve joining the tops of the pressure columns is as shown in (a). 
At any point to the ri^ht of the throat the pressutft head will be less than 
that at the corresponding point to the left, localise of viscous resistance, 
so that, since the velocity head is the same at the two points, the total head 
is less on the right. , 

As the velocity is increased, the first indication of ^unsteady motion is 




78 


HYDRAULICS fND ITS APPLICATIONS 

provided by an occasional eddying of such colour bands as get bglow the 
horizontal through the lowesl point of the throat. f 
The velocity at which this occurs depends on the angle of divergence 
of the sides of the passage. As the velocity is< increased this unsteady 
motion extends to the whole of the iirater in the diverging portion of the 
passage, the motion in the converging part being uniformly steady. 
The pressure curve now appears as shown in (/>), and is discontintlous at 
the throat. * » « 



P B 

Fig. 36. 


Fig. 36 is obtained, and sliows -very clearly the magnitude of the 
various losses. 

'l)rawing smooth curves between the plotted points from A to P and 
.from P to B, it will be noted that the observed point E at P lies on 
neither of these curves. In the figure, 7/i represents loss of head, due to 
viscous resistance* between A and P : JJ 2 , the loss due to eddy formation 
at the throat; and H 3 , the loss due to visdms resistance and to ‘eddy 
formation between P and B. Evidently from the position (ft E and the 
fom of the curve P B, almost the whole energy of eddy formation is 
absorbed at and within a very small distance of the throat, ^ With speeds 
b^low the critical velocity Ih = 0 and Hi = 7/3 (approx.’f/. 

With speeds exceeding the critical, TT,} become! less or grearer^than 
f/i, depending on the velociiy, as, with fairly low velocities, the eddies 
formed at the throat die out to some extent before reaching their 
kinetic energy being transformed into available pressure energy and th^' 
reducing Ha. At shitable velocities indeed fh may be negative, indicfi^thi^ 
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that tljG energ3L rendered available by the dying out of eddy motion is 
more than €^uak to that absorbed in overcoming viscous resistance after 
the throa^ is pa^ed.^ • 

With high velocities^ however^ the process of eddy formation goes on 
after the throat is passed, part of ^he available pressure energy being 
mpeiided to this end, and Ih is in consequence increased. At a suitable 
velocity, a balance is obtained between the energy absorbed from P to E 
in eddy formation and that made re-available by the dying out of eddies, 
and in this case J/g will equal i/i. * 

,^n every case, however, the head loss (II 2 + is greater ihiii9Hiy and 
experimentsflrtww very clearly that, while it is possible to change pressure 
head to velocity head without tippreciable loss of energy, it is impossibly 
to change velocity head to pressure head by the reverse operation without 
loss, except at velocities too low to be considered in practice. 

This is one important factor in the difference between the efficiencies 
of centrifugal pumps and turbines. 


Art. 82.— Flow in Converging Channels. Radial Flow. 


Where flow takes place in a converging channel, the motion is steady, 
and, neglecting viscosity,^ the 
energy throughout any stream 
tube is constant, so that 

+"rr + ^ = constant. 

W 2 /; 

But for continuity of flow, if A = 
area of channel at some point 
where the velocity is a;, 

A V = constant = AqVo 

where Ao and Vq are the area and velocity at some poiflt distant Xq from 
the foini of convergence of the boundaries (Fig. 37). 



Putting A k xvfQ have v = 
stream lines.are horizontal, 


Xo Vo 


and if z is constant, i.e., if the 




P 


( 1 ) 


1 Since the velocity across the section is unequal, the K. E. (2(wrr3)) Is ^cater than 
where 5 is the mean velocity. Thns^the equalisation of the velocities tends to increase the 
api)arent, though not the actual, K. E, > , 

* For the viscous resistance in a converging channel, see “ Phil. Mag.,” July, 1909, p. 25. 
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1 

II 

(2) 

J) - c 

^ IF~ 2ff 

3 

. . _ i. ’V 
■ IF +2 (7 

^ ~ 2°« [ ^ ~ water. 

« 

(4) 


J I - -- iirtviiig [JiirHliei 

upper Sjiid lower boundaries and to the fcase of (inward) radial flow 
towards a centre. The result gives the fall in pressure^ between *1^0 
points radially distant x and .ro from the .origin, and may lie applied to 
AowSm an inward flow radial turbine. Since with outward-ifcw between 
diverging boundaries the motion is unsteady, Bernoulli's ecjuation ceases 
to hold, so that th^ formula is inapjflicable to the case of a radial 
(outward flow) turbine.^ 

In the case of flow through a circular converging pipe or nozzle, 
A = k 


we have 

t 

As before 


4 2 

- — 
2(jx^ 

_ P" I 


and assuming z constant, 


W 


“ = ’“-/i = ’All - -‘ii 

W ‘2y[ 2(1 r 

E follows that if a pipe of area A suffer a contraction of section to a, 
and if andp„ are the corresponding pressures and the velocity at 
entrance to the pip# 

■ • 

liPA-l><A 


j ^ ( rA r(^/ , 


This enables the velocity of flow and the discharge to Ijp dbtained from 
a measurement of the difference of pressures in feet of water at 

4 

^ Steady motion is, however, possible with radial outward flow wUhA«f u i 

T" "’•T* ‘"'Pinge direcUy on each othw" Hm 

a oireulM djsc uj water with radial outward flow ancf having perfectly steady streiun Um 
nrttton, as may be ahowl. by the introduction of colour bandi is nroduJd ^ 
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the enhance and throat of the pipe. The Venturi meter (Art. 19C) 
;dej)ends direi^l^^n this principle for its action. 

//An intejresting phenomenon accompanying radial outward flow ia 
.-iloticedlf a plate on wh?ch 
■ A jet is impinging normally 
he brought gradually nearer 
to the “orifice, until a point 
is reached where the escap- 
ing stream touches both 
platp and nozzle (Fig. 88). 

Let n, pi, bo the 

radius, pressure, velocity, 
and area of’ the issuing 
stream at the exit from the 
orifice and at the coninience- 
ment of its flow between 
the plate and the nozzle. 

Let ?oi po) Vo, and ao represent similar quantities at the point of escape 
of the stream into the atmosjdiere. 

' Then 

ai = 2 IT where t ~ thickness of the escaping stream. 

ao = 2 TT tq t. 

ai Vi ri 
Vo = Vi-=z—~-, 

(^0 fo 

[po = atmospheric pressure. 

Neglecting frictional and eddy losses between (1) and (0), we have 





Po 1 Vi^ po , 




-en 


( 1 ) 


* . . PQ — Pi _ ^’1 

Sinfle rj is less than 7*o, po'-jr>i is positive, 
and the pressiJre at (1) is less than atmospheric. 

IJ follows that since the pressure between (l) 
and (0) is everywhere less than atmospheric, 
while that on thCf corresponding portion of the 
outer face of the plat^ is atmospheric, there 
will be a resultant force tending to force th^ 
plate up to the orifice. 

When the distance t becomes very small, 
the pressure' over the area approximates to the static head and the 



Fig. 39. 
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plate is forced away from the orifice, so that an intermittot action is set 
up, the plate vibrating to and from the orifice, but never /jeipg driven far 
away. 

The ball-nozzle (Fig. 89), designed to give a^thin evenly distributed 
discharge from a fire h^^drant, acts' on exactly the same principle. 

Here a cage is fiutod to prevent the loss of the ball on the first impact 
of the jet. 


Art. 38.— Loss due to the Sudden Enlargement of Cross 
^ Section of a Stream. 

Whenever the cross section of a pipe or channel increase^bruptly, the 
water, on passing tlie enlargement, is thrown into a state jjf unsteady 
motion, with a consequent loss of available 
energy. If the mean velocities l)efore and 
after passing the enlargement are known, 
the equations of momentum may be applied 
to determine the magnitude of this loss. ^ 
For, consider the case of flow through 
a horizontal pipe (Fig. 40), suffering a 
sudden change of area from a to 
Let p and v bo the pressure and mean 
Fio, 40. ^locity immediately before the change of 

^ section. 

Let P and V be the pressure and mean velocity in the large pipe when 
the motion has steadied after impact. 

Let p' be the mean pressure on the -en^ of the pipe at EE. 

Neglecting frictional effects, which will be small, the forces tending to 
produpe a change of momentum in the direction of flow between the 
sections at which p and P are measured are ; — 

(1) the pressure over the area at p = pa} 

( 2 ) „ „ „ „ „ EE=p^{A--q). 

(3) „ „ „ „ „ at P = PA. 

<■' /. The force producing change of momentum in the direction of 
motion = {p a + {A — a) — P lbs. (1)' 

This must equal tlia change of momentum per second in the direction 
of this force 


£ VA.P 



WAV^' JVav^ W 
9 9^9 



The‘pres.9ure p being measured at the nfean depth of the section. 
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Th(i assumption is commonly made that the pressure p' over the face 
EE is unif^rn^ and is sensibly equal to p. Although the actual dis- 
tribution.and magnitude of this 2 )i*essure probal)ly vary with the ratio of 
the areas and relative position of the two branches, and with the velocity, 
we have not sufficient experimental 9ata to frame any definite law eon- 
•necting the two. The above assumption, how^vpr, Appears to be fairly 
well justified by the results of such experiments as are to hand, and 
making use of this wo have, oft combining equations (l)*and (2) 

(iJ-]*)A = -{AV^-av^} (3) 

A V 

Also for amtinuity of flow A V = a v r = - 


= (4) 

If now H’ = loss of head due to shock at the enlargement, we 
have 


V . P V'^ 

(5) 

p-P I'^A^ 

(6) 

v ~~~ P 

Substituting for from (4) we get 



(7) 


(8) 

1 

II 

(9) 

A 

Writing m for — , relations (7) and (8) become: — • 

Q> 



(10) 

II 

1 

(M) 


Recent ex^ej^’imeiits by the author^ indicate that the percentage loss 
increases slightly witfi the ratio of enlargementf and in pipes with the 
same ratio of enlargement is greater the smaller the pipe. 

Denoting the ratio of enlargement by ni, and the smallef diameter by 
d, the 'loss at a sudden enlargement for values of m between 2 and 12, 

» “Trans. Roy. Soc. Edinburgh,” vol. 48, 1911, p, 97. 

* ft 2 
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iwid for pipe diameters ranging from *60 inch to 6 inches, can be expressed, 
within narrow limits, by the refationship— / 

ta ,t h»i = j I 

The following table shows the resuits obtained by the use of the formula, 
against those experimentally obtained : — 


Dlametera of pipes. 

Value of 1 /t. 

(vi — ot)*. 

uoss expressed as percentage of ““ 2 ^ ^ 

E\^)eriinejital. 

By formula. 

•65 to 2*15 inches 

10-96 

103-6 

103-9 

•50 „ 1-5 „ 

9-0 

'* 102-8 

103-7 

1-0 „ «*0 

9-0 

102-1 

*'102-8 

1*6 „ 3 0 „ 

4-0 

101-7 

100-5 

2-0 „ 3*0 „ 

2-25 

99-2 

99-1 

3*0 „ 6-0 „ ) 

4-0 

97-5 

97-6 

4*0 „ 6«0 „ 

2-25 

92 (approx.) 

96-0 


Art. 34.— Loss in Pipes and Passages with a gradually increasing ^ 
Cross-Section. 

The loss of head accompanying a gradual enlargement of section would 
naturally be expected to be less than that experienced at a sudden 
enlargement of section between the same initial and final areas. To 
determine the extent to whicjpr'this conclusion is justified a somewhat 
extended series of experiments on such pipes was recently carried out by 
the author.^ 

^cular Pipes with Uniformly Diverging Boundaries.— Calling 6 the angle 
of conicity of a pipe, the following table,* as also Fig. 41, shows the mean 
of the results obtained. 


Loss of Energy expressed as a Percentage of 


(rj - 




the Theoretical Loss at a 


Sadden Change of Velocity from Vj to Vg. 


^alueoftf 

18(P. 

9(y^ 

00°. 

4(P.t 

20°. 

10“. ,, 

f -6510 2^6 

' l 2-0 „ 3-0 

103-5 

102-8 

102-1 

101-7 

99-2 

102-6 

1041 

IIM 

112-1 

102-8 

101-3 

120-6 

82-0 

80-8 

101-7 

88-7 

46-0 
44-0 
42-6 
41-9 , 

16 -e 

47-6 
^ 18-6 


Pioc. Roy. Soc. A., voL 83, 1910, “ Trans. Roy.^Soc. Edinburgh,” ?oL 48, 191;, p, 
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Fr jm these it appears that as 0 is diminished from 180® the loss increases, 
attains a n]|jbx^|ium value for some value of 6 in the neighbourhood of 65®, 
and afterwards diminishes rapidly with 6 until 6 is about 6° 30'. This 
value gives a minimuA loss of approximately 13*5 per cent. Any further 
diminution in 6 is accompanied by aft increased loss owing to the large 
• value of the wall friction in pipes of the comparatively great length 
accoftipanying such small values of 6, The value of 0 giving rise to the 


• * • 



same loss as is experienced with a sudden change of section, varies from 
41®*to 60®, being slightly g*reater for a given area-ratio the larger the 
pipes, and, ?or a given mean diameter, increasing in an irregular mannei 
with the area-r^tio. Its mean value over the range of ratios consideie^ 
is approximately 50®, and where, in the design of hydraulic machinery, il 
is necessary foT* this jalue to be exceeded, a suddeai enlargement of sectior 
gives A more efficient transformation of energy thai> does a uniforml} 
tapering pipe. For values of B between 7^5® and 35® th^. loss may be 
expressed with a fair degree of accuracy by the relationships— 

loss = *0110 feet, where ^ is hi degrees, 
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Rectangular Pipes with Uniformly Diverging Boundaries.— Three sets of 
rectan^lar pipjes were examined, these ^having one pair of sides 
parallel and >8^ inch apart in every case. The, areas of the small and 
of the large ends of th^se pipes were, in the case of the pipes having 
area-ratios of 4 : 1 and 9 : 1, identical, with those of the circular taper 
pipes having the same ratios of enlargement. 

The, results of the means of the experiments on these pipes are plotted 
in Fig. 42. From these it appears that the percentage loss is very 
approximately the same for afl ration ^^)f enlargement between 2*25 : 1 
and 9 : 1 for values of 6 b(4iween 10^ and 40^’, and that it varies but 
little with the dimensions of the pipe. The minimum loss is obtained 
when 6 is approximately 11^, ^tho percentage loss under these circum- 
stances being about 17*5 per cent. As 6 is increased the loss incroases 
rapidly, and attains a value of 100 per cent, when 6 is between 3P and 
40°, the value of this critical angle being less witlj the smaller ratios of 
enlargement and with the pipes having the smaller mean sectional areas. 
For values of 6 between 10° and 85°, the only values of any use in 
practice, the loss can be expressed with a fair degree of accuracy by the 
relationships — 

loss = *0072 feet, where 0 is in degrees. 

= 5'30 

Experiments on rectangular pipes having an enlargement ratio of 9 ; 1, 
and having 0 respectively 40°, 50°, and 90 ', showed corresponding losses 
of 115, 122'3, and 119 per cent. This indicates a maximum loss when 0 
is approximately 70°, or when it has sensibly the same value as gives 
maximum loss in the corresponding circular pipe. 

Pipes of Square Section with Uniformly Diverging Boundaries. — Five 
pipes, having a smaller section 1’329 inch square and a larger section 
2‘()58 inches square and with 0 respectively 5°, 7’5°, 12*5°, 20°, and 80°, 
were examined, the results b^ing plotted in Fig. 42. The percentage loss 
is a minimum for a value 0 in the neighbourhood of 6°, practically the 
same as for a circular pipe, and has a value of about 14*5 per cent. 

Trumpet-Sliaped Pipes.— From a priori reasoning it would appear that 
when the initi3fl and final areas and the lengtl^ a pipe are fixed, the 
loss of head may bo reduced by making the pipe trumpet shaped, the 
angle of divergence of its sides being least where the velocity is greatest 
and vide versa. To test this point several pipes were examined, these 


being designed so as to make either the retardation 



constant, the 
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change of velocity per unit length of pipe constant, or the^loss of 
. d(v^) ^ ^ 

head per unit length of pipe , constant. The latter pipes yrere found 

ct X f 

to be the more efficient, the savjng, oyer a straight taper pipe of the 
same length ranging from 20 per cent, to 60 per cent, and being greater 
the shorter the pipe. . ' 

In a rectangular pipe of length f, satisfying this condition and having 
one pair of side's parallel, if the lialf -breadths at the small and the large 
ends are respectively /yi and //a, the half-breadth ?/, at a distance x from the 
small end is given by 

^ . Vy/ V//1 \V//i WyJ* 

while in a circular pipe whose smaller and larger radii are ri and ra, the 
radius at a distance .ic.from the small end is given by 

1 l_\ 

V/* Vr? T VVVi^ wi^^r 
Where the length of pipe is great, or the ratio of areas small, tl;ie 
cuiwes thus formed may, at the smaller end of the pipe, diverge at an 
angle less than that (6° in a circular pii^e and 11” in a rectangular pipe) 
giving minimum loss, and in such a case the pipe would be made to 

. » The loss in a straight taper pipe whose angle of divergence is d is proportional to 5 (v^ and 
Tcry sensibly to or to ^taii v«(fere n = 1*10 for a rectangular pipe. Hence in a length 
8 aJ of a trumpet-shaped rectangular pipe, over which J,he jnean angle is 0, the loss is 
presumably proportional to 8 (r)® ^ or to ® ^ where y is the half- 

"^eadth of the pipe and where x measures tlie distance of the element under consideration 
from some datura point on the axis of the pipe. . 

But in such a pipe y - 

- ^ loss in length 8 a? = (y - 2) ^ 8 a?. 

For this to be constant per unit length 

or 





yi - *2* -y “ •“ = iT (x <- flJi), , , - , 

U the origin fiom which x is measured he taken at the small end of the pipe, 
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diverge uniformly at this best angle up to a point where its straight sides 
would •interseckthe calculated curved sides/' 

If, on the^ther hand, the length of pipe is small or the ratio of areas 
large, thcf calculated ojiirves may, towards the larger end of the pipe, 
diverge at an angle greater than that^i giving a loss equal to that at a 
^sudden enlargement. 

In /?uch a case a more efficient pipe is obtained - by enlarging the pipe 
to its final section by a sudden enlargement at the point at which the 
angle of divergence becomes equal tojjlys critical value. 

A still more efficient pipers obtained if, from the point at which the 
angle of divergence becomes equal to the critical angle, the section is 
enlarged gradually, the best a^gle of divergence being found to vary but 
slightly in such circumstances and in any cases likely to be ,foutld in 
practice, being approximately 20° for a rectangular pipe, and 10° for a 
circular pipe. ^ 

Componiid Pipes and Passages. 

The loss of head in a pipe whose section increases gradually from Ai 
to Aa, and which then 
suffers a sudden en- 
largement of area to 
A 2 (Fig. 48), is 
‘approximately equal 
to the sum of the 
separate losses which 
would he experienced 
in the taper portion 
of the pipe and at the 
sudden enlargement, 
if these were independent of each other. By reducing the angle of 

half'brciidth is yi, .rj — 0, and if I be the length of the pipe, and if be the half-breadth at 
the krger^jnd, a ’2 - .fi = I, and ^ 

K- j 

.. J, - ■» = y, - •» - I (yi - -ai-yj - -wj 

In a circulai»pipe w = 1*22, while or. ?/ " ^ 

Proceeding as above, this gives 

yj - 1-28 __ y - 1 26 = A' (^- a?i), 

and on the same assumptions as before 
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divergence of the first portion of such a tube, the sudden enlarge- 

npit of section and the accompanying loss is macfe greatdt, but 

ito loss in the diverging portion is reduced in a double degrJe, since not 

only is the numerical coefficient expressing such V)8s as a percentage of 

diminished, but As is dj'minished at the same time, and thus 

the factor vi—vs is also diminished. A diminution in the angle of 
^ .... » • 
divergence therefore causes a rapid diminution in this portion af the 

loss, which may, or may not, be counter-balanced by the loss at Jihe 

sudden enlarge! nent of section^ » Owing to the comparatively low 

velocities at the large end of the pipe, however, except in pipes whose 

length* is comi)aratively very short, and whoso ratio of enlargemSnt 

is small, this latter loss is comparatively^small and the total loss is a 

minimum with a pipe— straight or curved — whose angle of divergence — 

actual or effective — is little, if any, greater than that giving minimum 

loss in the diverging j^rtion of the pipe alone. 

It thus becomes possible to design a pipe — often with a considerable 

reduction in length— in which the boundaries are straight, and in which 

the loss is still appreciably less than in a straight taper pipe giving th^ 

full enlargement of section with the best possible value of 

The total loss, of head in such a pipe (shown in Fig. 48) is theoretically 

equal to 


. K-t’a)** , O’s - ^2^ 




% 


+ 


% 


feet 


where K is obtained from the^urves of Figs. 41 and 42. As — = 4^ 

ri A a 

while ^ where A represents the corresponding area this becomes 


or 


* (Vi - Vi? 




2/7 L\A2 — Ai/ I \ ^3/^ \^8 Ai/ 

In a rectangular pipe whose breadth increases uniformly from hi to Iq in 
a length L, 

^ e 

ba = bi + 2 L tan ^ 

+ L 0 (apprdximately) where ^ is in angular measure, 
so that As=:Ai+L and th^ above expression becomes 
loss = 

+ D’l] 
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Differentiating these exi)ressi(yis witli respect to the value of 6 and 
hence of or r.j, giving iniiiinium loss* of hejid, may be obtained. As, 
however, K varies with 0, tfie resulting expression becomes exirejpely 
cunibersome, the best value is more easily obtained by trial of a few 
values of 6 and the corresponding values of K. Handled in this way a 
solution is readily obtained. , ^ 

The following table shows values of 6 giving minimum loss of bead in 
such a pipe, along with the corresponding loss of head in the pipe, and 
in a straight taper pipe of the same length and with the same initial 
and final areas. 








]>of.B of head 
(ixprosBt-d as 



ValiK* of 6 

(»r 

1)11)6 (UlfllO.s) 

viiiic of e 

111 sliaiKlit 
Uper ]»ii )0 
ot sniiio 
IpiiKll). 

lioiid 


Ratio of areas. 

fOviiiK 

iniiiiiiiiirn 

lo.SS. 

.-IS !l 1)61 ■ 

cpntage ot 

(ri - ?)2)2 

ii ]>prcontiige 
of the loHS 
in straight 
tjyior pipe. 






/ 

0 : 1 

nr 20' 

17-95 

15'’ 

16-2 

54*9 


10 ’ 40' 

S-Kl 

30'’ 

15*3 

16*0 


(Sections *5!) inch x 1-320 nioh) 

1 r’ 00' 

0-19 

40'’ 

16-2 

14-2 


\ aiul 5-315 inches x 1-320 iiicli j 

11'’ 4.5' 

4-<l8 

<;o'-’ 

20 3 



JO ’ 20' 

15-15 

1 5" 

1.5-6 

53-8 


4 : 1 

1 r’ 00' 

11-30 

20'’ 

1 5-3 

32-6 


( 1-320 inch s(]uarc to 1 

12‘'00' 

7-45 

‘MP 

18-2 

22-0 


(1-320 inch x 5 31. inches) 

12'’ 45' 

5-48 

10" 

22-0 

21-1 



1.5'^ 30' 

3-15 

(»(* 

29-4 



2-2.-> ; 1 

40' 

6-30 

1 5'"* • 

15*2 

61*6 


f g320 inch s()uarc to ] 

(1-320 inch x 2-00 irichc.s|* 

nr 20' 

3-10 


22-8 

26*8 


i.'rio' 

2-29 

400 

28-2 

25-2 


0 : 1 

7^ 10' 

3-80 

1.5" 

13-6 

62-3 


*50 inch diani. to 1-50 inch diam. 

11'’ 00' 

1*87 

30'’ 

18-2 

27*2 


.4:1 

7'’ 00' 

8-57 

10° 

12-7 

73-5 


1 -50 inch dia^^. to 3-0 inches diani. 

J3'^30' 

2-80 

30° 

20-8 

22-2 


2-25 : 1 * 

7'’ 00' 

• 

5-71 

• 10’ 

13-4 

72*5 

\ 

2*0 inch diani. t o 3-0 inches diani. 

1.5 ’ 00' 

l-vS7 

t 

30° *’ 

21-3 

35*2 


By this method of constructign the loss may be reduced in favourable 
circumstances to about 90 per cent, (in rectangular pipes) and to about 



p|||;''pr cent, (in circular pipes) ot tne minimum possiDio loss m 
luniformly tapering pipe utidergoing tiie full enlargement secfion. B 
^designing the pipe* 
from Ai to As with 
curved boundaries, the 
loss may be stil 1 f ujrther 
reduced. In tbre* 
majority cases 

occurring in practice, 
boi^ver, the addi- 
tional trouble of cal- 

culation and cost of 
template mil not be 
counterbalanced by 
the slight increase in efficiency which they render possible. 

Effect of projecting Smaller Pipe into Space bounded by Diverging Wallg.— 
For the purpose of examining ibis effect, a thin sleeve of intornal 
diameter *90 inch and external, diameter 1*0 inch was prepared and' used 
inside the various 1-inch pipes, as shown in Fig. 44. ‘ 

The results of the experiments are as follow 



Perccntiigc Loss of Head. 




Value of 6 

40° 

60° 

90° 

Taper pipe without 
sleeve 

80-8'’/o 

101-3°/„ 


Proiecting pipe wiih f 
diameters -90 inch 1 
and 3 inches . . 1 

I’ipe projecting — 

■50 inch . 

1-00 inch . 108-07o 

Pipe projecting — 

•26 inch . 

•60 inch . 107-2X 
1-00 inch . 112 07 o 

1 

Pipe projecting — 

•26 inch . 107 ’ 7 % 


In every case the effect of the projection is to incre^ise the. loss, th6' 
effect being greater tile 'greater the length of the 7)rojection and also the 
le&s the angle oF’divergence of the conical sides. The loss Is, ffi fact, 
•greater in every case than would be experienced if the pipe wrils were; 
^tappred off from the extremity of the pi;ojecting pipe, as shown 'ijy tUfi . 
Idetted lines in the sketch 


Ak 5K 35.-^I(pss DUE TO Sodden Cont^ction op Area op a 
Stream. 

When wafer flowing al)ng a channel or througn a pipe meets with a 
sudden contraction of the area of the pipe, as shown in Fig. 46, we ali^ ' 
get a loss of energy which is due, not directly to the cgntraction of the 
stream,* but to the subsequent re- 
enlargement which always takes j)lace. 

The stream, after passing the con-* 
traction, suffers a further diminution 
in •area, and,Jpr a short distance 
fails to fill the pipe, afterwards re- 
expanding as shown.^ Up to the con- 
tracted section the loss is solely that due to simple viscous resistance. 

If A represents the larger stream area > 

„ a „• „ smaller „ 

„ ttc „ „ vena contracta 

F, V and representing the velocities at these sections, the loss of energy 
due to this enlargement is approximately 

- ft. lbs per lb. 

Writing for the above may be expressed in the form 



Fig. 45. 


J- 2o 




(Vo — vf_(l 

2g -\g, V 2 sf -"23 

Here F is called the coeiTicieut of hydraulic resistance, and can only be 
determined experimentally. 

‘A series of experiments carried out by the author on the apparatus 
shown in Fig. 45, having a value of m = 10 96, and having pipe diameters 
of 2‘15 inches and *65 inch, gave a mean value of *600 for 0^, over a 
range .of ijalues of v from 1^S5 to 8*69 feet per second. The value 
diminished fram *610 with the lowest to *587 with the highest of these 
velocities. Experiments on a 6-inch pipe, contracting respectively to 
a 8-^nch and to a 4^nch pipe, give in the former case a value of 2^ = 7*87^ 
(Co = *595), aflcyn the latter case F = 1*0 (Co = *692), 

If Co has the value *586, the loss = *50 — . This i^s approximately 
ihe valu^ of 0^ where the area A is so large as not to affect the stream 


' * This action may occur even though the pipe is full of water, the space shown empty to 
Fig. 46 bhing now occupied by dead water which takes no part in the Row through the pipe* 
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'yii^:>ilW)3uctioii, and gives the loss usually' found where a pipe ir led out 
ofifc rasei'voir by means of a sharp-edged junction. " , 


Aivr. 36. — Loss causkd by a DiAriiRAOM in a Paiiallkl Pipe. 

.. Much work in this direction has been done by Weisbach, to whom the 
following experimental results are due. 

'With a diaphragm having an aperture a leading from a reservoir of 

large area into a pine of arcia A' (Pig. dd), calling the loss 1 ^ ~ 

® ^ ^ (C> i 



az F ) the following values were obtained. Here a = area of 
ccntracta. 


a 

A 

'•1 

•2 

•3 

■4 

•r> 

•6 

•7 

i 

•8 

•9 

1-0 


•616 

■614 

•612 

•610 

•607 

•605 

•603 

•601 

•598 

•696 

F 

231-7 

60 99 

^ 19 - 7 S 

9-612 

5-256 

3077 

1-876 

M 69 

•734 

•480 


With a diaphragm inserted in a pipe of area A (Fig. 47) the following 
values were obtained. 



a 

I 

•1 

•2 

•3 

•4 

•5 

•6 

•?v 

-v 

•8 

•9 

1*0 


•631 

‘ -632 

■643 

•659 

i -681 

•712 

•755 

•813 

•89J^ 

1-00 

. .. ...V; 

'Ml 

iteS-B 

47-77 - 

-4-^ 

30-83 

7-80 

3-753 

<■ 

1-796 

A 

•797 

•29 

•"1 

-h 



PBESSUEE IN A ROTATIffG LIQUID 


A formula connecting the area of the vena coutracta with that of the 
aperture in diaphragm, in terms of the relative area of pipe and of 
aperture, i^ given by Rankine, and is 

Gc 

Thus when a = A, (7^. = 1. 

* „ a is very small, (7c'has the limiting value 

The effect of the portion of the pipe before the orifice is to produce a 
clpser approximation to parallelism of the stream lines, and in conse- 
quence a verid Hontracta of larger area is obtained, with a reduced after- 
enlargement, and hence less loss than where this constraint is absenj^ 

Aut. 37. — Chanok op IhinssuRE across Stream Lines. 

If water be moving with stream line motion, these stream lines being 
curved, the pressure varies from one stream 
tube to another. This change in pressure 
may be determined by considering the equilib- 
rium of an elementary column of fluid of 
sectional area B a (Fig. 48), having its axis radial, 
and resting with its two ends in two stream 
tubes, whose pressures are p and (p -f- ^ p) 
respectively. The centrifugal force on the 
column is balanced by the difference of 
pressure on the two ends and we have, for 
equilibrium, 

W.Sa. Sr. 8r. 

' g r a r 

W __ dp 

V gr 

Art. 88. — Vortex Motion. Pressure in a Rotating Liquid. 

Where a mass of liquid moves as a whole with vortex motion, this may 
occur in either nf two ways. 

The first is seen when a vessel containing water is Rapidly rotated, or 
when the contained water is stirred so as ft) make it rotate as a solid 
body, the velocity increasing with the radius. Such a vortex is termed 
a Forced Vortex. 

The second is seen when water flows through a hole in the bottom of 


fi+Sp 



Fiw. 48. 


ao 


•618 


Vi - . 


■618 
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a vessel. Here a vortex is usually formed naturally, some initial disturb- ' 
ance of the water determining the direction of rotation, although in the 
northern hemisphere the earth’s rotation 
would itself tend to cause a rotation in 
an anti* clockwise direction as viewed 
from above. This is termed a Free 
Spiral Vortex. The water moves spirally 
towards the centre with stream line 
motion, so that, neglecting viscosity, its 
energy per unit mass is everywhere the 
same. If, while the mass is r6tating, 
the^ orifice be plugged, the motion 
becomes' one of simple rotation in 
horizontal planes, and forms a Free 
Cylindrical Vortex. ‘ 

Forced Vortex Motion. — Since the angular velocity w is constant, 
have at any radius r, v ^ w r. (1) 

The increase in pressure radially is given by 
dp W ti^r^ W « 

j:. -=2-. =r - - r, 

dr g r g 

Integrating between the limits vi and we have 



Pi- Pi 

IF ■^2(/ 


(-•I'-rs’). 


( 2 ) 


Up = po wliere r = o, 


ir 


or, putting = h (Fig. 49), 


„..i n,2 

••• 

which is the equation to a parabola. 

Since the pressure at any point is that equivalent to the column of 
w^ter supported at the point, it follows that all surfaces of equal .pressure, 
including the free surface of the vortex, form paraboloids of revolution 
laving the axis of rotation as their common axis. Near tne sides of the- 
ressel the liquid Ifigs owing to viscosity, and here the surface level wilb 
;all below tha^ of the paraboloid. • v 

1^66 Cylindrical Vortex Motion. — Here, since we have streaih line 

motion, ihe equation — -f ^ = constant, holds. 
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■ /, in’any horizontal plane ^ = constant. 

« 4// 

Differentiating, 


1 dp,v riv^ 
r ^ dr 
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( 1 ) 


Introducing the. condition for rise in pressure across a stream tube, 


(hp IV . , 

VIZ., - = , this becomes • 

[dr gr 

»j’’ , r 
fl ~ // d y 


:0 


d r 

- + = 0, or ■ 

d r 


d r __ d V 
y V 

Integrating we get log, y + log, v = constant = 7?. 

' ?; r = constant = = J7i. 

••• ® ^ * (2) 

i.e., in a free vortex the velocity varies inversely as the distance from the 
axis of rotation. 

It follows that the increase 
of pressure with radius is 
identical with that in inward 
radial flow. 

Tlnis if pu vi, n, are the 
attributes of a point in the 
same horizontal plane as _p, 

V, r, * 


.jS f 

ir ‘IgV rjJ 


( 8 ) 



Fio. 50.— Free Vortex. 


Putting constant in Bernoulli’s equation we got the equation to the 

• '^2 ^ ^ 

curve of equal pressure, that is jr — \- z = constant = (7, and substituting 

• ^ 

for V in terms of r fft>m (2) we have 

Jh^ 


ft* 


2 g r 
C-z=z 


2 g * 


the equation to a hyperbolic curve of the nature y and which is 

asymptotic -to the axis of rotation, and to the horizontal through z ^ C 
(Fig. 50). . 

A Free Spiral Vortex may be considered as a case of cylindrical vortex 
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and radial motion combined^ in the required proportions, tsince iji each 
case the velocity is' inversely proportional to the radius. ^ The angle 
between the stream line and the corresponding radius vector at any point 
will then be constant, and tlie stfeaiu lines will*form a series of equi- 
Itngular or logarith«iiic s})irals. The diJGferenco of pressure between any 
two points may then be found by adding the pressure differences due to« 
the two methods of flow taken separately.^ • 

Strictly this should only be applied to cases of inward flow, since 
outwHrd flow causes instability. * 

In a free spiral vortex formed under normal conditions, the surface 
resistances tend to prevent the attainment of such liigWelocities near 
the 4 ientre of rotation as are indicated 11^^ the preceding analysis. In 
consequence the actual values of C — z for small radii are less than those 
calculated. The following observations by tlie author on the surface 
profile of such a voftex, produced by the dischai‘ge from a circular 
cylindrical vessel 2 feet in diameter under a constant bead of 9 inches, 
bear out this point. 
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Since the velocity varies inversely as tb% radius, and since thfts velocity 
cannot be infinite at the axis where r o, an air coluiiin is esselitial 
at the centre of a free vortex. When this air column cannot be main- 
tained, we get a combination t)f a forced vortex~at add near the axis — 
and a free vortex at points further removed (Fig. 51). 

If a be the radius al# which tlie two surface curves intersect, the depth 
of the central dej^ressiou below the general level of the surface may be 
• 

shown to be given by --- feet. 

This is ternied a Compound Vortex, and the state of affairs there 
existing is of importance in its application to the theory of t^ie flow oi 
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watei; in a pump fitted with ^ Vortex Chamber. Here the 

water in t]je impeller forms a forced vortex with outward radial flow, 
while when free of the vanes an approximation to a free sjural vortex is 
formed, and the i)ressure increases as*the velocity diminishes outwards. 

Certain proi)ertie8 of the free vortex are of interesft. If a film of oil be 
formed on the surface, owing to its density being less than that of water 
this* at once approaches the ^ixis of rotation and disappears down the 
funnel of the vortex. The same Ifliiifg hapj)ens to any small floating 
body. If of moderate dimensions, however, the portion nearer tSe axis 
^f rotation is in a region of higher velocity than theses portions further 
removed, and a series of frictional forc(is is thus called into j)lay, acting 
on the body, which forces are* greater as the points at which they P#t are 
nearer the axis of rotation. The effect 
of this is to produce a rotation of the 
body about some point near its outer 
edge, and away from the c(mtre of the 
vortex. The body miiy he thus alter- 
nately attractexl to Jind re])elled from 
this centre, the action being repeated 
as long as the vorttix is in existence. 

A large floating body d(istr(>ys the funnel in its upi^er paH, and, if 
air is prevented from entering through the exit, in the lower part 

also.^ Since in the floating body v oc r, while in the liquid v cc this, 

by friction, tends to destroy the vortex motion of the upper layers of 
liquid, and, by viscosity, also of the lower layers. 

The formation of a vortex in a discharging vessel increases the time of 
discharge by diminishing the effective area of the ortfice, and by reducing 
the inclination of the issuing 2 )articles to the plane of the orifice. Experi- 
ments by tlie author showed *that when discharging water under heads 
varying from 8 to 12 inches in a free sjflral vortex, the coefficient of 
discharge \fas sensibly independent of the head and had a value ’287 for 
a 1-inch orifice amd *178 for a 1^-inch orifice. When no vortex formed, 
the coefficienlf was *02. 

I 

Examples. 

(1) In a 12-inch Venturi meter the throat diameter is 4 inches. Taking 
0 to be constant = *982, determine the difference of head at the entrance 
and thtoat w^hen discharging 

i For a full account of such phenomena, a paper by the author— •“ Memoirs, Manchester Lit. 
and Phil. Soc.,” 1911— may be consulted, 

• H 2' 
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(a) 100 j 

(h) 500 ^ gallons per minute. 

(r) 1,000) 

N.B. — 1 gallon = 10 lbs. 

Answer? <n) Vel. = *840/. s. — *119 fcset. 

{!,) „ =z 1-701 /: «. - 3*78 foot. 

U‘) „ = 8-^02 - M-92 fe;4,. 

(2) tiward radial How takes place between two parallel circular plates, 
3 feet diameter and 0 inches apart. Discharge takes place throiigb an 
orifice 18 inches diamet(}r in the centre of the lower plate^ Neglectin^J 
viscous resistances, determine the pressurmat the entrance when 1,000 
cubic Teet per minute pass the plates, assuming the pressure at the edg^e of 
the discharge orifice to be atmospheric. 

Answer. *585 ff^et of water = *254 lb. per square inch. 

(8) If in the previous example the plates are fitted wilh vanes and 
rotate at 400 revolutions per minute, determine the dilTerenco of [)ressure 
at inlet and outlet due solely to the production of a forceil vortex. 

Answer. 46*04 feet of water = 20 lbs. })er s(juare inch. 

(4) Taking the above (2) and (8), as an example of ai3 inward radial 
flow turbfne, determine the total pressure drop between ’nlet. and 
outlet. 

Answer. 46*62 feet of water. 

(5) A centrifugal pump an im 2 )eller 12 inches internal, 24 inches 
external diameter and runs at 800 revolutkms, discharging into a vortex 
chamber where a free vortex is formed. If the outer diameter of the 
vortex chamber is 3 feet, determine the rise in pressure due to the vortex 
taotion 

(a) in the wheel ; (h) in thc^vortex chamber. 

Neglect all losses and assume a perfectly efficient vortex chamber. 

Answer, (a) 81 1) feet of water. 

# (h) 60*6 „ 

(6) A flat cylindrical disc, 18 inches diameter, keyed on to the lower 
end of a 8 inch vertical t-lufffc serves as a hydraulic f^)tstep bearing. Its 
lower face is plane and bears against radiating ribs cast in the pressure 
cylinder, wliiledts upjier face carries a series of radial ribs which bear 
against the plane upper lid of the ]iressnve cylinder. Thus water above 
.the disc rotates with the disc, while the water below is at rest. The 
upper and lower sides arc in free communication around the periphery pf 
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the disc. Determine the resultant upward pressure on the shaft at a 
spoo^ of 405 revolutions per minute. 

Answer. 844 lbs. # 

(7) A pipe 4 inchel diameter is suddenly enlarged to 6 inches diameter. 
Determine the consequent loss of energy per lb. of^ water with a velocity 
of flow in the small pipe of G feet pen* second. 

Answer^ *173 foot lb. per lb- 



OTTAPTER V. 


Flow from a small Oridc*' - CoeJlicit'iits of Contraclion, Volooity and Discharge— 
SapprosHod Contraclmn - Dordas Moiitlipieco— Sharp-cclgnl Oiiticc- ('(mvergiiig Moutlipiece 
-Bell-mnnilicd f)rilicc— Diverging Outlet - Veloeitj? of Ap})roach - Time of emptying 
Reservoir— till lane rged Orifice— Foim of Jets. 
o 

AiiT. 31). Flow from a Small Orifice.^ 

If an opening bo mtido in llio bide or base of a tank containing water, 
the ijitroductinn of a b'w drops of tiiiiliue dye shows tliat steady stream 
line motion is std ui) in tlu^ mass of fluid, these stream lines converging 
towards the orilico from every side. At t}‘e boundtiry of the issuing 
jet the stream lines km, as ttlready explained (Art. 14), tangential 
to the edgt^s of the oriflee, tind with a slirrp- 
odged orifice the general stream line motion 
is as shown in Fig. ‘22. It follows that, after 
passing the plane of the oriflee, the section 
of the jet gradually dimiiiislies, and‘ its 
l)onndarics do not become i)arallel until some 
linito distance from »lio oriflee. Tne section 
at which tlic jot becomes parallel is termed 
the vena contrada, or contract ed vein, and 
^th a small circular oriflee is at a distance 
from the ojifice equal to about, *41)8 times 
the diameter. 

Now suppos(^ a pariicle of weight w lbs. to travel along a stream line 
ffroiii the surface to the orifice and on to tlic vena nmtrada (Fig. 52). 
Since the motion is steady, the energy throughout is constant (neglecting 
viscosity) ; and if we suppose the rurfaco area to be large, so that t’lie 
surface velocity may he neglected, when in the surface its kinetic energy 
is zero. If tlu^ oriflee is at a mean depth h below tho fr^e surface, and if 
its level be taken as datum, the potential energy of tho particle is wh 
foot lbs., while its pressure ^energy is zero, its pressure being that of the 
atmosphere whicli is taken at datum pressure. 

* By a small orifiq\ wo mean one whoso Jimonsions are small in comparison with the head 
of water above its centre, so tliat at any point in its p,rea the head may be taken as equal to 
that at its centre without sensible error. The subject-matter of Arts. 39—46 refers to such 
.orifices. 
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Immediaiel^ after passing tlie orifice, its potential energy is zero, so 
that if we can determine its pressure energy, its kinetic energy and there- 
fore its velocity may ho inferred. Now on passing the orifice the jet is 
exposed fo atmospheric pressure, and the pressure is the same tliroiigh- 
out its pressure energy is zero. If the jet is parallel this condition is 
^ satisfied,^ but so long as its boundary is curved the centrifugal action of 
the outer layers necessitates an increase in pressure filong the radius of 
curvature towards the centre o1 the jet.^ It follows that in the plane of 
the orifice, and up to the rfina voniravfu, ^ 

Jjhe pressure in the interior of the jet is 
greater than that of the atmosphere. 

The distribution of i)ressiwe and of 
velocity across a horizr)ntal diameter in 
the plane of the orifice is substantially 
as shown in Fig. 5)3. With free lateral 
contraction, the velocity at the centre 
of the jet varies from *()*2 to 1)4 ^2 //, 

while with lateral contractions sup- 
pressed this velocity is about UO a/2 // h 
’ (llazin). 

At the vena conlracta, however, the 
pressure across the jet is uniform and atmospheric,^ the pressure energy 
at theoi’iftce having been converted info kinetic energy, with a consequent 
increase in velocity from orifice to vena eontraeta. 

The pressure energy at the vena eontraeta then is zero, the potential 
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Fin. 53. 


energy is zero, while the kinetic energy is ft. lbs. 


per lb. 


Denoting the surface by the suffix (i), and the vena eontraeta by the 
suffix (o), wo have 

where jh = po = 0 ; .^o = 0 ; **i = ^ 


i’o = V 2 . 


= V 2 g h ft. per sec. 
i,e., theoretically th^ velocity of eftlux at thf^vena eontraeta is the same as 


I E^en in a parallel jet the pressure in the interior will he greater than atmosphciic 
because of tlie surface tension. The magnitude of this excess pressure, in feet of water, is 

given by A' = ^ where 7’ is the surface tension in lbs. per foot and d is the diameter in feet 
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if the particles had fallen freely through a height h feet under the action 
^ of gravity. * * 

The truth of tlie above theorem was demonstrated b/ Torricelli,^ 
who showed that a vei’tical jet of fluid would riser very approxilaetely to 
the free level in the vessel from which it was supplied. 

Due, however, to the* viscosity of the licpiid, to surface tension, and to the ^ 
resistance of the air, the velocity is always slightly less than this theoretical 
value, and is given hy V ‘2 .where C„ is called the Coefficient of 
Velocjty. The value of 6'^ can only be determined experimentally, hut with 
a sharp-li})ped orilicci increases with h from about ‘iH\ to -91)4. Weisbaclj 
gives the hdlowiiig values for an orifice of *088 fetit diameter : — 


h feet . . 

. . V 


•000 

1-01 

11-5 

j -‘.(r)!* 

' -907 

•{)7r> 


398 

•{191 


At the vena coufravta the stream lines for the first time become pawillel 

and perpendicular to the cross section of the stream, so that if a, lie the 

sectional area of the vena conlracta in square feet, the volume disch.iigfjd 

per second = C, V 2 // li X a,, cubic ft. If a is the area of the orifice, the 

ratio - is termed the Coefficient of Contraction, and is denoted hv 
a ^ 

(7^.. The discharge is thus given by (\. C\ V 'I (j h X a U V 2 // h 
X a cub. ft. sec. 

Hero C is ttnaued the coefficient of discharge. 

These c()(dlfici(ints vary 4 fitli the Lead // ; with the area of the orifice; 
and with the slinjie of the orifice and its position. 

The following table, giving values of (\ abridged from Hamilton 


Head from 
ceiitro of orilifo 
iu feet. 

Sipiare OriUccs ; 

lengths (if side of square in leet. 

•02 

•04 

•07 

•12 

Tl 

•20* 

. ‘ *4 


*043 

•028 

•010 . 


•6 

•0()0 

*630 

•023 

•013 

•005 

1*0 

•018 

•628 

•018 

, -010 

•005 

00 

•023 

‘ '"-OPi 

•007 

•005 

•004 

20-0 

'•000 

•004 

•002 

•002 

•002 

100-0 

•59{J 

•598 

•598 

•598 

•598 


* De motii gravium uaturaliter accelA’ato (1013). 
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• • 

Heail above ^ 
centre of orifice 
in fect.i 


(brcular Orifices; (♦mmeteis in feet. 


•02 « 

•01 

, -07 

•12 

•20 

•4 




•(!2H 

' -012 


• -G 

*G55 

*G30 

•G18 

•GOO . 

•GOl 

1*0 

•G14 


**G12 

•G05 

*G00 

GO 

•GI8 

• *()07 

*()02 


•59§ 

20*0 

*G()1 

*500 

•507 


•50G 

• . 100*0 

•503 

•502 

•502 

•f)y2 

•502 

— 



r — 






^iiiitirs “ TTydraulics,” indicates iiatiirci of those variations. In each 
case tlie oridce had full contraction, had free discharj^e into air, and the 
inner face of the plate in which tins orifice was formtid had sharp corners, 
so that the escaping jet onl}^ touched these inner edges. 

More recent (^x])erinients throw some douht on the assumption, based 
childly on the work of Smith, that the coenicient decreases nj) to a head 
of 100 feet, under which head it has a constant value of for all 
diameters from *5 inches to VI inches. Among these may be quoted 
those of Judd and King at the Ohio State University,^ which 

were carried out on orifices of diameters ^ inch, 1 inch, l^'*inches, 
2 inches, 2J inches, under heads varying from 4 to 03 feet. The 
results showed a veiy small change in the coeflicient for an increase of 
head. The following arc from tests on the 2-iiich oiifice : — 


Head in feet . , 

5 01) 

i)-OS 

17 -so 

2:1-21 


•17 02 

57-70 

f;!)-!)9 

92-01 

Coefficient of discharge 

r 

•(;os4 


•(lose 

•Gos;! 

•G0S2 

•(‘.OSS 

•GOSl 

•6080 

•()0SO 


Experiments by //. J. Bilfau^ indicate that if an orifice is less than 
about 2'5 inches diameter perfect contraction is imjiossihle, the degree 
of imperfectioif becoming more marked as the diaimdiu' diicreasi's. This 
is true however high the lu^ad. For orifices of greater diametiirs the con- 
traction appears to bti complete and constant' for heads above about 17 
inches, attaining a value *508. Smaller orifices likewise liave a “ critical ” 
head, greater than 17 inches, above which the contraction is constant but 


1 Efuj’uift'nng New York, September 27, 190G. 

2 Engineer^ June 19, 1908. 
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greater than *598. The coefficient is the same for a giveij orifice^under a 
given head, whatever he the direction of discharge. The following tables 
give tlie essential results of these experiinents : — 


1 

< 

DiamcbM' of orifice in ) 
in dies . . . ) 

oV*. 

0*2 

n-2o 

i 

o-l ) 


00 

0 7.^ j 

I'O 

and. 

Normal coidlicici^t of I 
dischiiruc . . ) 

or,:n 


(1 028 

i){Vf 

or.2i 

1 

’ (d;21 

0 fdS 

o-f;i3 * 

over. 

Griticiil head in itichcs 

(i.*) 

:»r> 

» 1 

22 

2 :, 

22 i 

20 

18 

17 

*■ 




1 

* 






Coefficients of Discharge for Standard Circular Orifices. 


— 

Ilfind 


Diameter of Onliee iu Inches. 


ill 


Indies. 

and over. 

• 2 

n 

1 

i 


4 

45 

1 







and 

0*598 

0*599 

0*008 

0*008 

0*018 

0*021 

0*628 

over 

1 







22 

— 

— 

__ 

— 

— 

0*621 

0*088 

18 

— 

— 



0*613 

0*028 

0*648 

17 

0*598 

0*599 

0*603 

0*608 

0*014 

; 0*025 1 

0*045 

12 • 

0*()00 1 

i 0*001 

()*(;oo 

0*012 

0*018 

I 0*080 1 

0*058 

9 

0*004 

I 0*000 

0*012 

1 0*01 

0*028 

: 0*087 

0*000 

6 

0*010 j 

0*012 

0*018 

0*020 

0*082 

: 0 048 

0*009 

8 

— 1 

— 

— 

! 0*040 , 

i o*(;io 

; 0*057 

0*680 

2 , 

i 

J 

I 

1 

1 

0003 

i 

1 0*083 

i 


The critical heads and the corresponding normal cocMdents are in bold ilguics. 


T, P. Strickland,'^ from experiments on sharp-edged orifices of 1 inch 

• *018 

.and 2 inches diameter, deduces, the formula C = *5925 + ^ 7/^’ 

where d is the diameter in inches and h the head in feet. 

« With a rectangular orifice, the coefficient is rather ‘greater than with a 
square orifice of the same area, and generally increases iwith the ratio of 
the perimeter to the f.reft of an orifice. ^ 

Suppressed Corabraction.— Any interference with the free production oJ 
stream lines ^ such as occurs, for example, where the depth of water al)OV€ 
the orifice is too small, or where this is near the sides or bottom Of a tank 


» “Proc. luBfc. C.E.," vol. 181, p. 631. 
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&s indicated in Fjg. 22 b, curtails the full flow to the orifice, and tends to 
prevent the full^coiitraction of section at the vc'i'la coiiii'uctu. In any such 
case the value of (7, and of 0 will he greater thainindicated above, the 
true values being entirely Aopendeiit on tliiJ circumstances governing the 
flow to the orifice. 

from experiments on a rectangular orifice, ‘177 feel? long and -089 feet 
wide, in. which the contraction could he suppressed on part or the whole 
of the perimeter by means of flat pTates perpendicular to the plane of the 
orifice and ’2*2 feet long, Bidone 
deduced the formula 

• C = *608 + .r, 

where x is the fraction of the peri- 
meter over which the contraction is 
suppressed. For circular orifices 
C = -fiOS + -079 .'r. 

With tliis device, however, contrac- 
tion of section takes place at the inner 
edges of the baffle plates, and when 
the orifice is entirely surrounded this 
simply forms a I)r)rda’s mouthpiece 
running full (p. 113) with C about *75. 

Experiments by Le^hros on a 
vertical orifice, ’()5(> feet S(|uare, 
showed mean values of the coefficient, for heads h(,twGGn 1*5 and 10 feet, in 
the ratios 1*00, 1-032, 1-043, l-llfl, according as the contraction was un- 
affected, suppressed at the lower edge, at one side, and at the lower edge 
and sides, and thus agree fairly well with Bidone’s results. 

Where an orifice is imuh^ in the thick side of a vessel, or is fitted with 
an external pi 2 )e so that the j(}t, after springing clear of its inner edges, 
again touclKis the sides of the orifipe before escaping, or where fitted w'ith 
re-entnvit mouthpiece, the jfliysical conditions governing the flow are 
entirely changtPd, and the coefficients assume now values. Thus the 
coefficient of conti-action may vary from *5 to FO under different condi- 
tions of working, .with the same size of orifice and the same head. There 
is, however, nothing mysterious about this change— it is governed 
entirely by the conditioiiii of flow, and, as will he., seeii, may be predeter- 
mined with some exactitude when those conditions are known. 

Submerged Orifices. - If an orifice discharges below the surface of the 
water in a second vessel instead of into the air, this has the effect of in- 
creasing the pressure against which discharge takes place, and thus of 
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reducing the effective head, and also of slightly reducing the value of the 
coetlicient of discharge. * 

The reduction the coefticient of discharge is probably a secondary 
effect of the eddy formation M’hich occurs in ihe dead watdr surrounding 
the jet at A m([ 13, Fig. 54, the dead water comprising the eddy projecting 
into the stream add reducing its effective area. ^ 

In the Jiketch (Fig. 55), if the suffix (i) refer to the free surfoce in the 
upp(U’ vessel and suffix (oi tok the vem coutrada, we have, neglecting 



Taking the datum level at the centre of the oi-ificc^ and assuming the 
area at the surfa.ce in the ui3j)er vess(d to he large, we have 

= 0; ri = 0; c'o = 0; = //i ; = Ih 

... , * 

^ '?’o = // (//l //y) = NAii // //, 

where h = difference in level of the frcjo surfaces on the two sides of the 
orifice. 

Art. 40.— FjXPRnniRNTAo Deteuwination of the Coefficients. 

(1) Coeficient of Velocity, for an Orifice in a Vertical Plate. — Keeping k 
constant, mark on a flat hoard parallel to the plane of the jet, points 1, 2, 
3, 4, etc,, by means of a set square, these points marking as nearly as 
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possible th« centra of the jet. Draw a smooth curve through the points, 
and draw the horizontal OX through 0 (Fig. 56). Taking any point on 
the curve we# get, if v is^the velocity of efflux, measuring horizontal 
distances from the vena contracta, • 

1 v2 

, x~vt\y — — (f V 

A 

t ^ 2 ff • "V 2 y 

1 // K 

If the issuing jet make an angle* a with the horizontal, tluiii, the origin 
of co-ordinates being taken at the vena eonlraeta^ 


But / , — 

V fl 


1 


X = r cos a . ^ ; y = jv <1 I 


V sin a L 


Since v sin a tz=: x tan a, on substituting for w.e get : 


y + X tan a : 


(f 


■ 2 i 


y x^\ 

r = V . . 


‘ sec'^ a 

‘2 (y + X tan a)* 

Then T,, = -r- J H h- If « is not known, il a second pair of values 
Xi, 7/1, are measured, we got ' 


/ 

^ = V 


x{^ sec'^ a 


‘2 (//I + .ri tan a)’ 
and from these two equations a may bo calculat(‘d. 

A second method of determining the coellicient of velocity is to allow a 
jet of water to escape from 
an orifice in the vertical side 
of a tank supported on knife 
edges (Fig. 07), tlie level of 
the wa*ler in Die tank being 
maintained constant by the 
influx of a vertical" stream. 

The position ot ,a pointer 
fixed to the tank is noticed 
before the orifice is opened, 
and when the jet is allowed 
to escape, this iiointer is 
brought back to the same mark by means of the weight W, placed at a 
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water w leaving the vessel per second is determined by 
g in„. Then if v bd its mean velocity in a horizontal direction, the 


To 


momentum per second leaving the tank in fhig direction = 
produce this flux of momentum a constant horizontal force of magnitude 
lbs. must be impressed on the jet, a force which can only be due to an 

otherwise unbalanced pressureor the.sido«f the 

,.We have then, taking moments about tbo knife edge:— 

Wx = . d where d = depth of orifice below knife edge.. * 

_ ir T 

’ * /r ’ Hecoiid 


(L = 


IV u x 



This method is mily suitable for ^perim'ents on a small scale. A third 
method, which has been apjdied very snceessfully 
consists in measuring the actual velocity at several’ 
points ill the cross section of the ivvio c nilvacta bv 
means of a Pitot TuLe (Arts. 08, 101). (f jben vis 
the velocity at any radius x, the total discharffe = 

J2 7r V X dx cubic feet per second. If a curve be 

plotted having as abscissie the values of x and as 
ordinates the corresponding values of 2 n x v, the 
i#6a under this curve will represent the discharge 
per second, from which the mean velocity may be obtained by dividing bv 
the area of the jet. ^ ^ 

(2) The coefficient of contraction. C„ may be measured by using a ring 
(iMg. 58), surrounding the jet at the rem contra, ’la, and fitted with 

micrometer measuring screws, which may be adjusted until ]ust touching 
, its surface/ * ® 

(3) The coefficient of discharge, C, may be determined directly bv 

mmsunng the quantity in cubic feet discharged per second from the 
ormce a, under a head L " 


Fig. ns. 


Then 


€ = 


aV‘igh’ 


'1°^ “ * eontraction gange, and for ciperiments on the rooasiirements of the 

.. 6!) ’ “ Engmeera," 1909-10. Also JSnsinceri»g, Janns^; 
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Art. 41. 

Theoretically we may always calculate the flow from an orifice in the 
side or bottom of a vesifel, by equating the flux of momentum across 
the plane of the orifice per second to the unbalanced s^itical pressure on 
the opposite vertical side in the one case, and to* weight of the un- 
balanced column of water in the other, i.e.^ by expressing, the fact that 
the total unbalanced force in the direction Qf flow is taken up in producing 
this flow. With an ordinary opening in the side or bottom of a vessel, 
hcg^ever, the calculation of this unbalanced force is impossible, since, due 
to the fact that there is stream lino motion along the face containing the 




opening, giving the water kinetic head, the pressure head at any point in 
this face is less than that simply due to the statical head at that point by 
an amount which is indeterminate.^ The resultant unbalanced pressure 
is therefore in this case indeterminate. In the case of an opening in the 
flat, korizonial bottom of a vessel, the pressure over this face is not 
uniform, sinob the kinetic head is greatest near the orifice, the distribution 
of pressure being as reiuesented in Fig. 59, where the ordinates from the 
b&se to the curve A B C /) measure the pressure on the base. 

When the orifice G H is closed, the pressure on G 7/ is that represented 
by the shaded area l^F H G, but when open Mi e'' unbalanced pressure 
becomes that represented by the whole shaded area A 7?-G II C I), 
Similarly in the case of an opening in the vertical side ^ JfiC of a 
vessel (Fig. 60). Here the area G E FH represents the pressure on G II 

* Since part of the head produces acceleration towards the point. 
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when the orifice is closed, while the horizontal distances between^ the line 
K M and the curves A B and^ C D measure 
the pressures on the side of the vessel with 
an lissiiing jet. The shaded area then 
represents the unbalanced pressure, which 
is to be equated to the outflow of momentum 
per second from the orifice. ^ 

returning the mouthpiece for some 
distance into the vessel, as in the Borda 
mouthpiece (Fig. (51), this flow ov(jr the face 
containing the orifice is 2 '>revented, and the 
pressure on^this face now approximates to 
;|]at due to the statical head alone. The equations of momentum can 
;herefore be easily ap 2 )lied. 



Art. 42.- Bokda’s Mouthpiece. 

Let a bo tlie area of the orifice and a,, the area of the stream as soon 
IS it has assumed a parallel cylindrical form, ie., at the rma ro:/(meta. 
Let h be the dei)ih of this point below the surface. If the siiflix^'s (i) 
'efer to the surface and (i) to the vetia coutracta, we have, neglecting 
dscosit^, 


Pi, fr 
1/ T' ,) 


. . - Pi 1 1 . 


IF ■ (f 

Also Pa =Pi 0 ; ni — ri = 0 if surface area is large, 

= 2 p h 
W 

W 
f} 

This momentum is produced by a force equal to the weight of a column 
A water of area a and of height h (approximately). 

Force producing motion = W a h lbs. ^ 

ir 


hlass carried away per second = 

.’. Momentum carried away per second = 


, a, v^/. 


Wah = 


9 




= u,. . 2 (jf h 

0 

a.=-.'rxi} 


0 / 1 

Actual Iv n,® - r'* X 2 A, so that ~ 

• a 

Dgrda running full is n^pdiiicil in a similar manner. 


The cnoffieient of contracHon for the" 
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Fio. 62 . 


the goefficieflt of contraction in the case of a Bordaks mouthpiece^ where 
the effluent stream does not touch the sides of the mouthpiece, is one half, 

Borda’s Ifouthpiece numing full.— With a vertical Borda, where the 
water in the vessel is inftially quite steady, 
the issuing jet after becoming parallel does 
not again come into contact with the sides 
of the •mouthpiece. If, however, «the water 
in the vessel be agitated, the jet, after *coft- 
tracting to form a vena conlracta, again 
expands to fill the mouthpiece (Fig. 62). 

This is termed running full as opposed to 
running freely as in the previouff case. The 
issuing motion is now turbulent, not steady 
as is the case with a free Borda. It is 
worthy of note that under no circumstances 
with a free Borda, or indeed with any jet having non-sinuous motion, is 
any splash produced on meeting a solid surface. With sinuous motion 
splashing always occurs. 

We now get a loss of head due to the expansion of the stream from a, 
to a after contracting, so that 

W ‘P “ Ir P* + *^0 + expansion.^ 

The loss due to expansion (Art. 83) = -4 (m — 1)^, 

^ 9 

where m = — 

W ‘J";/ + “ Ir + I'g f + 1] + ^« 

But Pi = 0 and ri = 0. Also Zi — ==^/o* 

,r + 2 

Now equating the momentum passing the seption at 0 per second, to 
the force producing.it, we get 

W 


W ahQ—pQa=: - a 


But h - 1° = [ (»» - 1)'^ + 1] from (1) 

Equating these values we get ^ : 


I Vo _ *’o- 


.• • 
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(//?•— 1)^ = 1 orw=:2, 

Le.f tho coefficient of contraction at the neck in a Bordak’s mouthpiece 
running full is one half. 

If the jet discharges into the Atmosphere so tHat po = 0 we have 
vo^ = g ■//(), so that t'o = - (approximately), 

V ^ 


. . 1 • . 

Le., the' velocity of discharge .is times the velocity when flowing 

free, and since the area of full jet = 2 (area of free jet). 

.*. Quantity flowing per) __ 

second from full Borda ) ' V 2 (<inantity from free Borda). 

,,^,jThc coefficient of discharge from such an orifice is thus (iqnal to v 2 
times tho coefficient for a free Borda mouthpiece and thereff)re to 


1 

V 2 * ^ would make (J = *745. 


Experiments by H. J. Bilton^ on such mouthpieces, 2.J diameters in 
length, gave the following values for C, no variation of 6 ' with head being 
noted for heads as low as 0 inches : — 


DiaineUir (iriH.). 

t 

i 

I 

8 

1 

1 

1 

1 


2 

2.1 

. 

•91 

•87 

•85 

•88 

•81 

■79 

1 

1 

•77 

•76 

•75 


^ 


The "‘difference between the calculated and experimental values of C is 
due to the fact that the area at' the vena contracta is actually greater than 
*5 a because of the effect of viscosity in modifying tho equation of 
momentum. Eddy loss at the re-expansion of the stream is consequently 
reduced with a corresponding increase in discharge. 

' Denoting the contracted section by the suffix ( 2 ) we have , 


P2 -jV 


W + 4 ^ + ^2 = ^ + < 2^0 + loss due to expansion. 


2 2 

iut loss due to expansion = — (2 — 1 )*^ = ™ 


(Art. 83) 


Also i ’2 = 2 Vo, 
Po ~ Pi _ 4 iV 


W 


^9 




' “ Victnrian lust, of Jfingineers,” April 1, 1908. 
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J'o- 


■ jh _ £o“ 


+ (^!l — ^o). 


II' !l 
Again jV = 0 hi 
• j'o— . 

. . IK ■” + -^2 — ^ 0 - 

K • 

In a liorizoutal mouthpiece r., = ^o» 

^\~1^ = hoieet, 

i.e,f the gain of pressure from ( 2 ) to ( 0 ) is equal to a head of Iiq feet. 
If the jet issues into the atmos])here po = 0. 


* feet. 

Or the pressure at ( 2 ) is loss than that of the atmosphere by an^amor/.it 
equivalent to a head Jiq of water. 

This reduction of pressure at section ( 2 ) explains why the velocity at 
this point, and hence the discharge, is greater with a full Jiorda than 
with one running free. The conditions from the surface to the section 
at ( 2 ) are exactly the same whether the mouthpiece runs full or free, hut 
in one case the jet is discharging at this point against atmospheric 
pressure, while in Ihti other case this pressure is in part removed. 

The effect is then substantially the same as if the free liorda were 
subjected to an additional head /ip. • 

The theoretical limit of this ho is 84 fei-t, but practically, the liberation 
of dissolved air as the pressure falls, prevemts the formation of anything 
ap23roaching an absolute vacuum. 


Art. 43. — Siiarp-edgeo Orifice in a flat Plate, with External 

Ture. 

• • 

W^ih an external tube of the same diameter as the orifice, the effluent 
stream, af ton forming a reita contractu, always re-expands to fill the tube 
(Fig. 63). 

In this cas5, ^as already explained, the coefficient of contraction 
cannot be theoi’etically deduced by an application of the equations of 
momentum. Its vakuf is probably about Uift iflmost certainly varies 
with the head and size of orifice. The final area of th5*jet == a, so that 
the coefficient of velocity is the same as the coefficient of discharge. This 
coefficient varies with the size of orifice, with the length of tube, and 
probably to some extent with the head. Experiments by Weisbach gave 

I 2 
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tlie following values of for tubes having a length equal to abojit three 
diameters : — 



j 1~ 


1 ( 


Diameter (feet). 

/ 

•032 

1 *066 

•098 

1 -131 

V, . . , . . 

•843 

*832 

•821 

•810 

f 


The value of was found to vary with the length of the tube approxi- 


mately as follows 


Length ~ diameter 

— 7"- 

1-0 

3*0 

10-0 

C. 

•88 

•82 

1 

•78 


If BLiffixes (o) and ( 2 ) refer to outlet and to venacontracia^ since we have 



Fig. 63. 


no loss of head from the surface to the section at (2) we get 

W ^ 


Again, since the only loss of energy between section (2) and the 
outlet, neglecting friction, is that due to the enlargement of section from 
to a, i.e., 
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1 ^* (to - 1 )”, where m = , 

wehave . ;»•= ll + (TO-^iy‘ } ( 2 ) 

1 , • 

Writing vq^: 2 ^ h we get p a = ^ ^ (^) 

<jiving (7„ its mean observed* value, ;825, this makes m = 1*685 

= - while giving - the value *62, as observed for a similar oriSce 
^*594 ^ m 

without the external tube, it makes = *852. The difference between 
this value and *852 is probabl 3 | due to the loss due to expansion being 
somewhat greater than indicated above. Assuming this loss to ^e give:: 
2 

by ^ 1 }^» introducing this into equation ( 2 ), 

equation ( 8 ) becomes 

-j- — 2 /a -f" 1 -f- 

while giving (7^ and ^ the values *825, and *620, this makes k = 1*25. 

If, in equation (1), we substitute m 2 ^ /t = m vq for i?a this 
becomes ^ = /t (1 — w** 6 V)i ’ 

1 7 ) 

and giving C\, and m the values *825 and - 7 ^ we have -■ ‘763 h, 

*uJ tV 

This agrees very closely with the observed value of which is 
approximately — *75 h. 

If then an orifice be made in the mouthpiece, at the vena contracta 
(Fig. 68 b),* 8 , tube coupled to thih and having its lower end open and in 
water*will support a column of height approximately *75 h. Theoretically, 
this will hol^Uiitil *76 = height of the water barometer = 34 feet, i.e., 

84 * 

until =i 45*4 feet. The effect then of adding the external mouth- 

75 , 

piece is to reduce the pressure on the discharge side of the orifice, and so 
to increase the effecti^% head, and therefore th^ Velocity of discharge. 
For continuity of flow it is essential that the pressure at the vena contracta 
should be greater than absolute zero (— 34 feet of water), so that a shott 
outlet tube will not run full under a head greater than about 40. feet. , 

If a diverging tube be placed at the discharge end of the mouthpiece 



118 HYDKAULIC^ «ANB ITS APPLICATIONS 

or indeed at the outlet from any pipe fed by the mouthpiice, the 
pressure at the vena contracta will, so long as this is greater than the 
absolute zero, be reduced, and^the discharge thereby increased if this 
outlet runs full. 

This follows since.tbe pressure difference at the vena contracta and at 
the outlet increases with the ratio of the velocitii's and hence of the areas. 
If however tlie final area of the ti^)e be *80 large that the pressure* at the 
vena contracta is reduced to absolute zero(— 34 feet of water), continuity 
of motion beconuis impossible and the diverging tube ceases to run full. 
Even with a moderate ratio of areas the angle of divergence of the s^5es 
6 (Fig. 04 b) should not exceed 10° (Venturi), while the maxinium effect 
is obtained with an angle of about 0°, the diameter increasing from 1 to 
rS in a length = 9 diameters. 

The same increased discharge may be obtained, within limits, by the 
substitution of a pai^allel discharge pij)e of greater area than the discharge 
orifice. 

Koman law recognised the latter fact, and prohibited the attachmei^of 
pipes of greater diameter than the aperture provided at the resfu'voirTfor 
a distance of 50 feet. The j)ossil)ility of a partial evnsion of the law by 
the application of a conical frustrum at the open end of the pi {)0 was, 
however, not ap])arently perceived. 

Sharp-edged Orifice with Converging Mouthpiece. If a conical con- 
verging pipe bo fitted external to the orifice, with its larger diameter 
equal to that of the orifice, the coefficients of ve ocity and of discharge at 
exit depend on the angiC of convergence. 

The following values are taken from experiments by Castel, and 
indicate that a maximum discharge is to bo obtained when the an’gle 
of convergence is about 18°‘20'. 


Diameter of mouthpiece = *(>1 inches. 


Angle of 
Conver- 
gence. 

O'*’*)' 

r-3C' 




l(P-2()' 

120-4' 

13"-24' 

140.28' 

nr-so' 

'ivny 


» 

in '2(1' 

49" -0' 

Ci; 

•m 

•8(50 

•8514 


•'.Wl 

■‘(.'50 

•955 

•90'J 

•900 


•971 

•975 

9S0 

■9S4 

C 

I -820 

I -806 

•85i:> 

j -020 

■n:9 

•»3S 

•942 

j -946 

j -941 

•938 

1 -918 

•896 

j -809 ’ 

j -£47 


' * Diameter = *787 inches.^ 


Angle or 
Couvergerx’o. 

'p’sn' 

5’-'2(V 

e-’-ra' 

l(f-30' 

120.10- 

i:;"'4n' 


^18” 1(1' 

33"-52’ 

rn . 

•906 

•9:«> 

■918 

1 -9.5.3 • 

1 •9'i7 

1 -964 

' •967 

' ‘97(1 


, V 

. 910 

•92S 

•938 

1 -915 

1 -949 

1 

j -95(5 

“ - 

j 1>49 1 

^ '‘(39 ' 

1 
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The ^pean of "three experiments^ on a large rectangular converging 
mouthpiece ujider a head of 9’6 feet gave a value of C =’9B1. In this 
mouthpiece ^the length was 9*6 feet ; the large end 2*4 X 8*2 feet ; and the 
small end *044 X *023 fe8t, opposite face^ enclosing angles respectively of 
11°*38' and 15°*18'. 


Art. 44. — BELL-MduTfi Orifice. 

With a hell-mouth orifice (Eig. 64 a) having a curvature approximafely 
the same as that of the natural 

□ ^“1 


stream lines, the pressure) ovej 
the walls of the mouthpieco 
be zero ; the coellicient of con- 
traction, unity ; and the only 
loss of lioad, that duo to viscosity. 
Here (] == 1 ; C,, = ‘075 (experi- 
mental) ; 

. * . C *975 
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Since v = *975 \/^2 <j h ; = *95 h 

, • . loss of energy due to this type of mouthpiece = *05 h 

= *05 ft. lbs. per lb. (apj)roximatoly). 

^ // 

Exi)eriments hy Wcushach indicate that the general proportions of 
such a mouthpiece should be as shown in Eig. 65, the sides of the mouth- 
piece making an angle of 67'"’ with the plane of the orilice at a point 

distant about from that plane. 

Bell-mouth Orifice with Diverging Outlet.— If a diverging pipe be fitted 
to the belf-mouth as shown in* Eig. 64 5, 
so Tong as this ])ipe runs full the 
pressure at Ihe throat is reduced just as 
at the vena rontracia in the previous 
forms of moutl>inece. The effect of the 
adjutage is therefore to increase the 
velocity of flow through the throat, and 
hence the discharge. The loss of energy 

duo to the divergence may he calculated as in the previous case. 



.Kiel. orj. 
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Am. 45 .— Velocity of Approach. 

Where the surface area of a j^essel is not so ^larpje as to allow of the 
velocity of apjiroach of the water to an orihce being neglected, if the 
suffixes (i) and '^( 2 ) refer to the surface and to the vena contracta 
respectively, we have 

P' -1- '■>! , 1 . ,• - 4- '‘ 2 “ 4. . 

jy ^ I u/ ' o “r -*2* 


•ff 


)V ’ 2rf 


Putting Pi = 0 and p 2 = 0, we have 


r‘2^ _ . 




- "’h 4. 


(h = head over orifice) 




:2gh + Vii 


Here Pi is the velo^city of ajiproach. 

In words, the kinetic energy at efflux is equivalent to the poti'ntial 
energy at the surface, together with the kinetic energy due to the velocity 
of approach. 

The statical head which would give the same velocity of efflux is now 


II 




: h + W. 


So that the effect of the velocity of ai)proach in increasing the outflow is 
theoretically the same as that of an additional head k' where k' = ^ 


If ^ be the ratio of the vena contracta and surface areas, we have 

^0 

Vi = 

a n 11 2,^7 k 

Vi^ = 2gh + j 


i.c., the effective head is increased in the ratio 


1 


^ A‘^ 

( t ' t 

The discharge is therefore increased in the ratio 


J — a^ 


1 - 


- (approximately). 


2A^ 
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Art. 46. 

Time of emptying a Vessel through a small, freely discharging Orifice.— 

( 1 ) Suppose the surface *811611 A of the Vessel to be uniform and large 
compared with the area a of the orifice. • 

Let V = velocity of efflux at any instant, and Ii the height of free 
surface above the vena contracta ijJ; the same instant. 

Now assuming that v = J 2 // //,• wehave, since 
veloc ity of fall of surface ___ , 

vefecity of efflux" I’ 

velocity of surface = — z= ( 7 ^ ^ 

. n /-FT” - 

• • 4 V 2 / 


(i; 




V h 


( 2 ) 


Integrating between any two limits of height hi and /j2 wc get the time 
^2 — = t, necessary to lower the surface through the distance /ii — h^. 


c., J r/ • « = 2 
2 A 




J 


If C be the coefficient of discharge for the orifice the time will then ‘be 
given by 




Example. 

With Borda’s mouthpiece running freely 

t = - ^7 I hi^ - /ijil 

. -SI ^ ^2,9 1 ‘ J- 

T 4 ie of emptying a Reservoir of varying Cross-section, by small freely 
discharging (kifice. — Here A is no longer constant but will be a function 
of h, so that equation ( 1 ) 

_ f ^ >/Tgh ' 

d t A 

may be integrated if is an integrable function«ofih. 


Example I. 

Reservoir with uniformly varying cross-sectional Area. — Let k D : 
of reservoir at the orifice. 


:area 
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Then^I = fc(D + h), 



Where C = ceeffieieut of diseli&rge. 


Example II. 

f 

• Hemispherical Bowl- Radius r— emptied through Hole in the Bottom. 

Here A = 7:{r^- (r ^ hf \ ^ - 2 / // } 



"Where the lower limit of lieiglit is less than about four times the 

diameter of tlui orifice, a vortex, 
with an air core, is usually formed, 
with the effect that the area of 
discharge is reduc(Hl (Art. 118 ). . 

Time of Discharge from a Sub- 
merged Orifice. - If two vessels 
Y'diose surface areas ar^ vli and A 2 
(Fig. 66) are connected hy an 
orifice of area a, aeid if at any 
instant ITi and H 2 are the heights 
of their free surfaces above the 
level of the orifice, we have, neglecting viscosity, and assuming 
c; 3: V 2 <j {III ~ Jh) = ii h 

Velocity of surface = ?? . -- ; velocity of ^2 = ’’ ~r 
-'ll * A 2 



Fig. 66. 


d h 
d i 


C J 'Zij It 
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#2 — ^1 — ^ - 


c 


l + A.l 




■ij' 


2 

^ * a . V 2 ^ 

where C = coefficient of cfiecharge. * 

Where the upper surface remains at the same level \i5e have the state 
of affairs which holds during the filling of a canal lock through a sub- 
merged'orifice in the lock gate. upj)er surface is in effect now of 

infinite area, so that putting /li = oo in eifuation (1), we get the time of 
filling the lock. 

• t= - f - J Ih-lh. 

With submerged orifices the va\ue of C is about ’01, diminishing slightly 
with an increase in the effective head //i — Ih- 


Art. 47. — Form of Jet. 

Where a jet issues from an orifice in the horizontal base of a vessel, 
its sectional area gradually dimiiiish(^s as the velocity incrcascis, until it 
finally breaks up into a series of detached drops. With a circular orifice 
this is the most noticeable feature. With any other form of orifice, 
however, the jet after e8caj)ing suffers a continuous change in the form 
of its cross section. This is due to the effect of the tension of its'surface 
film, which tends in the first place to bring the jet into the circular 
form. The inertia of the particles of water causes this effect to be 
slightly overdone, so that a continual alteration and realteration of 
section takes place, the jet finally- if sufficiently largo in diameter and of 
sufficient height— s(ittling down into a circular section. The action is 
periodic and approximately isochronous, and consequently with a steady 
jet the section at any fixed point is constant. 

Where a* jet escapes from an orifice in the vortical side of a vessel 
a second disturbing factor now affects its form, for since the velocities 
of efflux at pointsmen a vertical diameter of the orifice increase with the 
depth, the trajectories of any two particles situated in the same vertical 
plane will intersect if produced. 

This has the effect j^f narrowing the jet in the direction of its depth, 
and, by the consequent impact of particles, causing it to become wider in 
a horizontal direction. Surface tension prevents dispersion of the stream, 
and brings the diverging particles back towards the axis of tlie jet and in 
a horizontal plane. The consequent impact causes the jot to become 
narrower in a horizontal direction and increases its depth, and a continual 



1^ 


HYDRAULICS, AND ITS APPLICATIONS 


•succession of such reactions produces a continual state of change j)f section 
along its lengtii. The action is periodic and approximately isochronous, 
and consequently, with a steadj^ jet, the points at which the^cross section 
is of the same general shape as the orifice *are relatively stationary. 
With a circular (trifice, the section varies from an ellipse with major axis 
horizontal near the vena contracta to the same with major axis vertical. 
With a polygonal orifice of n sides th« section ultimately becomes a star 
of n points, these points haViiig thickened extremities. The angular 
pSints either coincide in direction with those of the orifice or intersect 

a corresponding ftice, 
always being sym- 
metrical with respect to 
the orifice. Fig. 67 
illustrates the general 
form taken by the jet 
from a triangular, 
square, or circular 
orifice, the upper sec- 
tion in each case being 
at, and the feecond 
slightly past the vena 
amlracta, and the lower 
giving the star form 
assumed by the jet.^ 
Fig. 68 shows the 
form taken by a stream 
The effect of the impact 
The cross sections at 
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issuing from a sharp-edged rectangular notch, 
of converging particles is here strongly marked, 
various points on the jet are indicated in the figure, 


• Examples. 

(1) A circular orifice 1 square inch in area is made in the vertical side 

o| a large tank. If the jet fall vertically through 1| feet while moving 
horizontally through 5 feet, at the same time discharging 16 gallons per 
minute, determine tljo horizontal force on the tai^lc. ^ ' 

► . Answer. 1*286 lbs. 

(2) If the tank of the preceding example is suspended from knife edges 

1 For further infoimafion. a paper by liOrd Rayleigh (“Proceedings, Royal Society. 
vol. 71) should be consulted. 
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8‘35 lbs., with^la horizontal leverage of 1 foot, is required to keep the tank 
vertical, determine tBe coefficients of velocity, contraction, and discharge. 

Answer. C, = *98 ; C\ = *638 ; C = *626. 

(3) A boat, having jej^ propulsion, moves at nples per hour. The 
water leaves the nozzles with a relative velocity of 40 feet^per second. If 
1,500 lbs. per second are passed through the pumps, determine the pro- 
pelling force on the vessel. 

Answer. 1,180 lbs. 


CHAPTEE VI. 


Lar^^e Ori*!<.ps — Rectangular Orifice — Circular Orifice— Submerged and partially submerged 
Orifice^ -Law of Comparison for Oriliccs — .J\)t(*lic.s and Weirs— Theoretical R)rmulae— • 
lioiissinesii’s Theory — Kxperimen^al Results and Kormulae — h’rancis— liazin — Kteley and 
Stearns— Hamilton Smith— Inclination of Weir Face Clinging Napjie — Triangular Notch 
— Trajiezoidal Weir Siihincrged Weirs Broiul -crested VV’^eirs— Measurement by Weirs — 
Time of Discharge over Weirs. * 


AitT. 48 .--LargA Orifices. 

WnfiRR an orifice is largo, except where formed in the horizontal base 
of a vessel the assuiuption that the mean, velocity over its whole area is 
sensiltly equal to that at its centre of area is no longer true, and it ' 
becomes necessary to take account of the variation of velocity at different 
depths in its plane. As in the case of a small orifice a vena contvacta is 
formed of approximately the same sectional shape as the orifice, and 
depending for its magnitude on the shape, dimensions, and head above 
the latter, and on the circumstances governing the formation of stream 
lines in the approaching vein. 

In fhe usual theoretical discussion of the flow from such an orifice the 
two fundamental assumptions on which the theory is based are themselves 
false and quite misleading, and while the results obtained are not without 
value as forming the litsis of useful empirical formulae, the treatment 
cannot be looked upon as scientific. 

"Briefly outlined, the method consists in assuming that at all points ‘at 
the same deptli in the plane of an orifice the velocity of efflux is the same, 
being that corresponding to the. head of water above the point, and tluU 
the direction of flow at each point is \)erpeiidicular to the 'plane of the 
orifice. * 

Calculating , the discharge over a small element^^aof the area, i.e., 
J ^gli ,ha and summing such discharges over the elements which go to 
make up the whole area, gives what is termed the thv^oretical discharge 

J ^ 2 g h . B a, a*d*this, when multiplied by an empirical cohstant 

termed the coefficient of discharge, gives the true discharge. 

Fig. 53, which indicates roughly how the velocity at, -the orifice 
varies at different points in the cross section, sufficiently shows the error 
involved in the first, while a consideration of the stream line formation"* 



LARGE ORIFICES 127 

shows ^he error of the second assumption. Fig. 69 indicates how 
the velocity pe^’pendicular to the orifice varies, and how it differs from the 
theoretical velocity 0 given by the horizontal ordinates of the 
parabola m n q. Here tHfe actual velocity* is represented in elevation and 
plan by the corresponding ordi- 
nates of the carves a c h, and a' 
c' a". • ^ 

The solid represented in plan 
and elevation by the shaded areas 
wiH then represent to scale the 
volume discharged per second ; 
while the solid bounded by tfle 
plane of the orifice ; the per- 
pendiciihiis ait, hq, a' p\ a*’ p"; 
and the curved surface of the 
parabola, represented by n p q, 
will represent to the same scale 
the theoretical discharge. Thi< 
ratio of these volumes thus gives 
the coefficient of discharge. 

In spite of the recognised 
fallacies embodied in the method 
of treatment outlined above, the 
difficulties encountered in a 
rigorous treatment are so many 
and the results obtained so 
cumbrous, that w^e are still com- 
pelled to fall back on the more 
simple, though inaccurate, formu- 
lae, together with these expeni- 
mentally deduced coefficients. 

The as8umf>tions, however, become more rational if the state of affairs 
at the vena coiitraifta be considered instead of at the orifice. Here we 
may assume wifti.some reason that the flow is everywhere perpendicular 
to the cross section of the stream, and that the pressure throughout is 
sensibly uniform and e^al to that of the atmospiiefe, so that, except for 
the retarding effect of the atmosphere at the boundaries; the velocity at 
any point in this section, at a depth /i, below the free surface in the 
vessel, is sensibly equal to s/ 2 g h. The more important cases of flow 
will now be considered on this assumption. 



Fig. 09. 
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Aut. 49. — Large Vertical Rectangular Orifice, neglecting 
Velocity of Aim*roacii. * 


Let JV = height of free surface above top of vena eovlracta. 

„ .h = breaTltli of orifice. 

,, = depth ,, 

// \)Y(]ii(\i\i oi vena runt ii,acl(i\* . 

’ , - , • vasHumed to 1)6 a rectangle. , 

, (V = depth „ „ ] 



Consider tlie flow over any eleiiKUit of the vena coutracfa at a depth y 
below the free surface, and having an area h’ S y (Fig. 70). 

The velocity at this dei)th = C y y h‘et per second. 

Flow over this area per secon*d = C, h' B y J (/y, c.f. 
Integrating this expression, and giving y the limits /F + 
we get the flow over the whole area. * 

/ JV + iV ’ ir + (V 

^ • ir * 


= g ( b' V a /7 I (H' + (Vf - H '^ } (1) 

The difficulty of obtaining accurate measurements of h\ IF and now 
arises, since these vary with, but do not bear a fixed ratio to h, H, and 
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while exjeriraeiitjil evidence aK to the precise nature or the variation is 
wanting. Tlieibest way out of the dilliculty appears to he to write 

' • I (//' -t- <IV - ' 

h [ + - //‘I 


w’hove Id depth of top of ori^e btdow the fn:o surface. This then 
gives us * • 

Q = ^ c h V 27 j (// + ,/)2 - //3j 

l^lie reason for this substitution is Unit the vahu' of C in this formula 
has been d(^t(n*iuined with sonic Ticcuracy for various types of orifice and 
for dill’erent heads. 


Eorinula (2) is that olitiuned by the inaccurate ])rocess of reasoning 
outlined jit the beginning of this article, for, assupmig that the flow 
through any element h S y of the orifice is the same as that through the 

d' 

corresponding element of the vena contracta of area ^ . S ?/, and that 

this flow is therefore given by (' h B y sj 2 y //, where G has the same 
value for each olcment, and therefore for the whole area, we have 

/■// + d 


^ G h "i (j j V // . (I y 


r v/ 2 -/ j^(// + ./)•-' - 11 ^ 

C nnparing this with (he siiuph^ formula 

V = a h d V 2 g (^11 + ij y 

obtained by considering tlic head over the scudion as sensibly equal to 
that at its <c‘,entroid, we see lliai the two values of Q arii in the ratio 


^(//•+d)'^ - 

d\/ n + ‘!: ’. 

‘i 


For values of JI gieater than 


d 

2 


the difference 


amounts to less tlmii 1*0 pen* cent., so that for all larger values of H, the 
simpler formula is to be#pr(ffeiTed. * t 

The velocity of approach may be taken into account by .increasing the 
head by an amount h as explained on p. 120, thus making the effective 
head = 7/ + h. 


Then Q = j C b V + h + d)^ - {II + J 


H.A. 


K 



m IlYDUAULICf? ^AND ITS APPLICATIONS 

As is cle.nr from tlio expression assumed above for tbo'value oi C, this 
is not a constant, f)iii varies both with tlie depth of the ^^ater and with 
the diiiKinsioiis ot the orifice, an^l can only he deterniiiuid by ex))eriinent. 

AVitli sliarp-edged orifices, and a frcjc'. discliar<^(; into air, th(^ values of 
C for a square opining are very approximately as given below (Hamilton 
Smith). 


Hrail al)ovc (“(Mitre 
of (.(I’llicc in l(‘(“l. 

•40 

Lcii^tli of sitU' of si{u:iiv 111 f('(a. 

1 

•GO -HO 

1 

10 

' -6 

•GOl 

*508 




1-0 

•GOIl 

•GOl 

•GOO 

1 -50!) 

n -0 

. -(>05 

•G04 

•(‘lOG 

•GOG 

0*0 

•GOl 

•f;0G 

•G02 

•G02 

lo-o 

•GOG 

•G02 

•G02 

•GiOl 

20'0 ' 

•GOl 

•GOl 

•GOl 

•GOO 

100-0 

•508 

•508 

■rm 

•5l)S 


For vertical rectangular orifices the value of C varies with the ratio of 
the width h to the depth d. 

The following tabh', gives the value of the eoefhciimt for orifu'c.-. 1 foot 
wide : — 


ValiH'S of (] in foi'l. 


IToad in feet 


iroui ccMinc 
of on ike. 

1 

8 

i 

i 

4 

1-0 

1-5 

2-0 

1*0 

•G32 

•032 

•()1B 

•G12 

•GOf; 

•G2G 

, 

3-0 

•G‘J7 

•G27 

•G15 

•GIO 

•(105 

•G14 

•(119 

6-0 

•615 

•G15 

•GO!) 

•(;oi i 


•GOG 

•(110 

10-0 

•GOG 

•G03 

•GOl 

•GOl 

•(101 

•GOl ! 

•(10-2 

20-0 

•602 

■601 

•GOl 

•GOl 

•(101 ' 

•GOl 

1 

•(10-2 


Art. 50. — Flow TiiuoTjaii a Ciroular Oiufice. 

Let II = depth of centre of orifice (Fig. 71). 

„ ]i = radius of orifice. 

„ r = „ „ vena cuntracta. 
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Theii the area of an olonienfcary strip talnni in tlio n:na contractu at a 
distance y frcftn the centre, as shown, is ‘2 x 6 //. 

The head over th(i eleyicnt ~ JJ ~ 

Flow over this (*.lcni >nt — (fr~^ X 2 x B y 

S V = --J ;/ X V'' //•=) ( ll -^h s !I. 

I'or^ convciiieiicu in iiitcf^jraliii};, (ixp.-uKl \/ Jt — yy liy (,li(> Binomial 
Theoreiii, i.c., j)nt 5 ^ 


V H - y = II \ 1 - - v'll [ I - ■' 

II ( 2 II 


HU^ + - 


^KilJCO ( I — .!■)" = It— II .1: 


n (n ■— I) 


■ etc. 


Now put y =. r cos 0. 
Then 


II • A 

— — r sill 0. 

(t p 


B y ~ — r sin 0 B 0, 
and -7/^ = V (1 

= r sin 0. 

So that S <,) = 2 V‘27/ J'I j - 'C .'iin'-* 0 

r I'os 0_r‘ fOH-* 0 , \1 t/i 

^ 'ill HIO 
Integrating this expression and giving 
0 the limits tt and o, since these are the 
Viihies of 6 corres]) )iiding to tlu! values 
^ r of y/, we get, on introducing the 
total flow (J over the whole section. 


( 


1 / 

i 

S 

1 

■ 

HI 


iisii 

Allfl 

i 

i 

i 

m 


Kj(i. 71. 

' = 2 C'„ V 2 ,, llj ' - -IT/'-’ s i?+ - 


‘2 Ji 8 ir^ 

1 


tie 


,= r„ ^ 1^ V‘2 0 7 y ( 1 - 1 + _ etc. I 

the succeeding tenns being negligible. 

If C be the coefficient of discharge for the orilice, then since C = 

TT . 

we may write • , • 

As in the case of a rectangular orifice, the coefficient in general 
decreases as the orifice increases and also as the head increases. 

K 2 
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The following i.xble gives the approximate values of C for ei^rcular 
orifices (Hamilton Smith) : — 


Hoad a))()vc (.*(‘iihu 
uf onlicc (I’cet ). 

PiainctLT o£ onfuT 111 IVct. 

•40 

•bo • 

•80 

1-0 

\ 

1-0 

•597 

•595 

•5913 

•591 

2-0 

•599 

•597 

•59b 

•595 , 

4-0 

•598 

•r>!)7 

•51)7 

•59b 

b-o 

•598 

•r><)7 


•59b 

10*0 

•597 

•r)9b 


•595 

2()’() 

•59() 

•59b 

•rm 

•594 

lOO'O 

•592 

*592 

■rm 

•592 

1 


Art. 51.— ^ubmercsep Ouifices. 

If the water level on the discharge side is above the highest point of 
the opening wti get a submerged orilice. 

Let 74 = depth of water above upper edge of orilice on the incoming 
side, in feet. 

Let 7/2 = similar depth on discharge side. 

Then the effective depth at all points in the orifice is the same, viz., 

Ih - Ih (l). 108). ' 

/, Theoretical velocity of efflux = V ‘2 r/ (IIi — JI2) ft. sec. 

Quantity per second through orilice = C A V 2 // Vlli — 772 , 
where A is the area of the orifice. 

Taking into account the velocity of approach, vu the effective head will 

now be 111 + /i -- II2 feet, where /i = ^ discharge will be 

z g : 

giveli by 

Q = C A VTg ^ Ih + /t - 7/2 cub. ft. sec. 

The value of C for a submerged orifice may be taken as being about 
1 per cent, less than its \alue for the same orifice under the same effective 
head, and when discharging freely into air. 

, Hanhurg Brown^ gives the following as being approximate values of 
C for sluices and regulator openings in masonry piers 


> “ Irrigation,” Constable & Qo.. London, 1907. 



LARGE OrJFJCES 


133 


()|(linary lock Bliiic*(is (7 = *62 

Small j^gulator oj^eiiiiigs with sliallow water . . „ *57 

Kegii(^\tor openings up to 6 feet with recesses'l 

in the piers . * J 

Ditto between 6 feet and 111 ieet wide . . t . 

Ditto above 13 feel wide 

Regulator openings np tf) (j hiet wide with straight^ 
and continiKHis piers . / •. . . ) 

Ditto between (J feet and 13 fret vide 

Ditto above 13 feet wide 

A series of experinuiiits^ on a snlmierged orilice 4 feet square through 
a wooden bulkhead 8'75 incbe*s thic'k, with various forms of entry, gave 
the following values of C : — 


02 

72 

■82 


82 • 
02 





Values of C. 


Uonn 

of cull an cc. 



— 




i\Iax. 

Mm. 

Mciin. 


Square corners . 


*(;25 

*(;05 

•G1 

a 

(Contraction sup- 

Oil bottom . 

‘(U)5 

*(;25 

•(>4 


pressed by means 



% 


b 

of guides curved 

„ „ and one side 

•735 

*675 

•(>9 


to arcs of ellipses, 





c 

so as to gradually 

„ „ and two sides 

•825 

*757 

•78 


divert the incom- 

L)n all four sidcis . 




<1 

J 

ing stream . 


•'0*70 

*1)1!) 

•95 

In every case the minimum value of C was obtained 

with a mean 


velocity (j*f tlow ranging from D9 to 2*3 feet ])er sec., tlie velocities of flow 
rang^ing from approximately 1*0 to 4*0 feet ])or sec. 

The experiments were extended by the a,ddition of tubes of lengths 
‘02, 1*25, 2*50, .7*0, 10*0, and 14*0 feet on tluj dischaj*g(^ side of the 
orilices, and the curves of Eig. 72 denote to what extent these alfected 
the discharge. 

Eor tlie tubes having square cortua's at tlui Pittance, the cociflicient of 
discharge inerbases at first almost directly as the baigth-of tube increases, 
then at a gradually diicreasing rate until the length “L” of the tube 
becomes between 3 and 3*5 times the side of the square. Eor lengths 


* “Bulletin of the University of Wisconsin,” No. 21t5. Engineciing Series, vol. 4. No. 4. 
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loss than about |5 feet 
^ observations , showed an 
upstream eiirrcuit located 
at *tbe upper side of the 
tube, this reducing the 
ettective discliarge area. 
This olTect was foiHid to 
l>ecoiue less marked as 
the velocity was increased. 
For greater lengtlis of out- 
Jot tube this current was 
absojit, and the conditions 
permitted tlie formation of 
a region of Jess than 
normal ju'ossure at the 
voni cotitracia (p. 117) If 
n represents the number 
of sides on which the con- 
traction is su])pressed, the 
following relationsliipS give 
the minimum values of 
C within about ‘2 per 
cent. : — 

Length of Tub? in Feet For L /> ^ O'l ; 

Fia. 7^ 

c = -Gor) + -019 

For 9*0; C = 'TSO + *0055 uK 

Partially Submerged Orifice (Fig. 

Here the portion of the orifice I iii, 
])e]ow liu! normal water level on the 
(iischarge sides may be considered as 
a sn])i Merged orifici!, while the portion 
/.• I above this level may be looked upon 
as dischargfrig freely into air, the 
(piantity passing each portion being 
calculated separately on these assump- 
tions. 

Thus in a rectangular orifice of 
breadth b and depth d, haying a head 
of water on the supply side 77 above 




Fia. 73. 
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tho to| of the orifice, with free discharge over a depth tlu and 
submerged o’^cr the remainder (h of its depth we liave 

Discharge over doptUdi = = \^ ( \ h V ‘2 | + <^i) 

„ „ ,, d‘y = (^2 ~ C^h (I 2 \/ 2 fj {JI -f di)“’ 

Total dibcliaige (J ~ -f Q., =z h V ‘‘2 // 

[II <'i I (// 4- - // [ H* <k ('a (// + c?.)^] 

If (\ ~ ('2 — C W(i g(!t 

• / r ^ ( 2 1 2 ^ 

f.> = r /, V 2 ;l I ( II + ,l,f ]“(// + (h) + (h ) - J 

If // = luiad e(pii\al('nt to llu' v(docity of ai)])roach, the formula 
l)econi(\s 

(// + di + It) “ (// + d^-|- It) -f (Ij J 

y:=r/>V2// 

- (// + / 0 "‘ 

Tlio difii('nlt\ in exactly (‘stimatin^ di and do, and the iindulatory 
motion of tin; siirbK'c wlnVIi is usiiallv found in a piirtia.lly submerged 
orifi(‘e, renders this a most unsatisfactory imd-hod of ('stimating tlie tlow 
of a stream. 

Tilt', co(!ftici(*nts so far given only ajiply wlitire the jt^t is whofly sul)* 
morgt'-d or whertj discJiarge takes place freely into the air. If the issuing 
stream, insttuid of s])ringing clear of the orifice adheres to its face, the 
formation of a true, rctia nutharin. is pieventtul and wo have an abnormal 
incrt'ast^ in Thus if the jt't is discharging frtioly into air, and if tlie 
le\e,l on the dischargt! side is allowtal to rise, at some jioint before the 
levtil reaches ihat of the notch sill the discharge ceast^s to be free and a 

sudden increase in the valuta of C results. As d^ increases, C resumes 

• 

its normal value. 

From a sc^t'iilific point of vitiw the above tn^atment, due to Duhuat, is 
not satisfactory. ,A rational treatment would reijuiie to take into 
account the distribution of fiHiSSures and velocities in the issuing stream, 
and from tin; naiure of the case would lead to results too cumlxirsome for 
practical application. - 

Akt. 52 . — Law of Compauison fou OiiiFfcks. 

Similar oriliciis are such as may be n^pnxscmted by the same drawing 
to different scales. If similarly situated, the free water surface will be 
represented by the same line, whatever the scale of the drawing. 
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If the Bmlo ratio for any two orifices, i.e., the ratio/ of any 
two correspoiidinfT linear dimensions, is S, the ratio oi the areas of 
correspoiidiii" elements of the orifices will he wiiile.if siniilaiiy 
sitiiat('d with respiiii to the water surface, their de])tfis are proportional 
to ' 

1iiat the valium of C may ho expectc'd to l»e very approximately 
the same for two such similar oyilices was shown by Professor 
James Tliomson ^ in a discilssion of wiiicli the following is a brief 

Consider tw'o similar and similarly sitnabul jiartiidi's of lliiid^(l) 
and (’i). The masses of tluisii and their w'oigbts are in tho ratit) of their 
volumes, so tlait W‘(^ bav(‘ u'l ~ S'^ 

Now'if tliese [)artieles are to trace out ])aths which shall be similar, all 
corresiionding forces acting upon them must have the same ratio, and it 
follows that this ratio must be the ratio of their w'eigbts since this is 
fixed. Apart from the forces due to the stati(;al pressure corresp ),iding 
to th(^ depth of the particle, which are jiroportioniil to it*-' depth 
multiplii^d by its an^.a, and tliendbre follow the requinul law, the only 
other forces nvo tliose due to centrifugal action and to the effect of 
viscosity. N(‘gl<icting the latter, and terming F the cent rifugaP force, 
we have 

* Fy _ (-fY 

ry ’ (l\2 ('2 ' * /'l \ Cj / 

But if the paths of the jiarticbis are similar, ry =r S 



Tt follows as a necessary condition that ( ™ A’ and this condition 


will evidently be fulfilled if = Y ij',, if r~ 2 i/ //, and if all 

corresponding particles are similarly sitiiabul with respect to the friu; 
surface. In such a case, the paths of all corresponding ]M;rticl('s Indiig 
similar, th(i contractions of tlie two jets will also be similar and the 
values of r will hocome idimtical. A simple ratio thus connects the 
relative, discba,rge of ilu^ two orifices. 


‘ Uritisli Assofiiituiii llcpob/’ IS7(i, p. 24H. 


® Sinco the foret'bhloxlneetl by viscosily i- fi F per unit aren, we have, if /'is this force 


}.(«■- ■'-5, 

l\ (1 i\, ll 

therefore tends topic\enl evict similarity of llow^, unless 


if Vi = y 2 ii //J, so tlial ,y. (,sx. \’isc08ity 
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Example. 

In two tnann;iilar notches Imviiig the sjiine valii (3 of 0, we have two 

similar and similarly sitiiatiid mMlicea, so that -- = i 

V-2 / * 

Art. 53.— Flow ojkil Notches and Weirs. 

Where the free suriacc^ on ih(‘- siij)|dy*side is lu'low the level of the 
upper edg(i of an oiilice, this is termed a notch, and, if of large dimen- 
sions, a weir. 

The theoiTitical treatnamt for^iluw ov(‘r sucli notches follows exactly 
similar lines to that for How 
thi-ongh larg(i orifices, and is 
siihjiict to the same erroneous 
assumptions. The errors in- 
volved in assuiiiiiig that tlie 
velocity of elllux lairjuindiciiliir 
to the ])]anc of the notch, at the 
notch, at any d(;j)tli //, is projxu*- 
tioiial to V "I'lf h, is indicated in 
Fig. 74, whore th(5 horizontal 
ordinates of the parabola ?// v <[ 
show the tlK'oretical velocity at 
any depth below tluj fret', surface 
of the still water at S, while the 
ordinatt'H of the curvti a )t c h 
denote th(3 actual velocities in 
this diiection in the plain; oi tlu; notch. The (ioi'flitdt'nt of discharge will 
then he equal to tin; ratio of the volumes rtiprescnted in (devation hv the 
shaded area a n c 5 and the ar(;a hi it q b. 

The fact that owing to tin; curvature of tht; stream lines the pressure 
over a cross section is nowhere uniform, rtmders a rigorous triiatment 
impossible, and the n(;xt best method is to consider thci state of affairs in 
the plain; of the notch. 

All examination of the contour of the escaping stream shows that in 
the plane of the notch its upiier surface is lower than tlie free surface 
at a ])oint a short distance up-stream where the motion is ’steady. 

This fall from s to a (Fig. 74) is (‘ssimtial if the surface filann'uts are to 
have the required velocity of efflux at the notch, and since their motion 
is approximately perpendicular to the xdaiie of the orifice and is unaffected 
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save l)y the resistance of the air, their velocity may he tiiken a^ sensibly 
equal to n {a in) = V // //' (Pi^^ 75). • 

In <;(in(iral II' is approxiiuiitely ecpial to ‘|'t //, where JI = lieight 
of water nujasunid to still wate.r level, above the er(!st of the notch or 
weir, so thiit {II*— JI') = depth of water at crest in feet. 


Art. 51.-— TuKoiiETiCAL Fohmttlae for Flow over Wetiis. 


Rectangular Weirs (Fig. 75).- 


-Let b = length of weir in leet. 

Consid(jr tlio flow 
across any I'.hsuient of 
ar(ia h l)X, in thi'. ])lane 
of tluj wi'ir, at a depth 
•r below the still water 
snrfax'e. of tla* supply. 

The voIiiuK^ passing 
this ehniient p(.r second 
= ^ Q — . ( " h (i.r 
cub. ft. ])ea' sec. 

Inti^gveJ'ing this cx- 
]>ression and giving x 
the upper and lowio* limits II and 77',aii<1 assuming tied (■' has the same 
value for each element, we have 



(J ■ 


# ___ 

h (f 


II ^ - ir^ j cul). fl.. por see. 


( 1 ) 


:! M 

The valine of this cfuillieient (/' has not Ixion e.x])erinienlally determined, 

so that the formula in its present form cannot l>e aj)pli('d 16 determine 

the discharg(^ in any priuttical ca.se. If, however, W(i write 

I =! f- 

»//--7/'-J rr (7 7/1 

the formula, becomes 

o 


Q — ^ C h V'-l ij II'^ cub. ft. per sec. 


( 2 ) 


and the value of this c()(‘llicient is known with fair accuracy for different 

f f I* 

values of //. 

Formula (‘2)‘ihay be deduced with less reason by assuming the depth 
of water in the plane of the notch to be 7/, i.c., neglecting the fall from 
still water level, and assuming that the velocity of the surface filaments 
IS zero, and therefore by integrating the expression B Q = C x J ^Igx 
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betNveen He limits 77 [iiul 0. It mi^lit also be deduced from equation (2) 
of p. 129 by writing // = 0 ; <l ~ II. 

Tlie value (^f C, in addition to varying with the breadth and dei)th of 
the W’eir, vari('.H largely with its position with respect to the sid(is and 
bottom of the approacdi channel. Where the sides of thio channel are so 
far removed as not to alTect tln^ contraction of section at either side of tlm 
weir, this is said to have two end (icvitractioiis, while where the cdiannel 
is of the same breadth as the weir, the lattei*has no end contractions, and 
is termed a SujijnrHUcd 11 V/r. The bottom contraction is also allected by tin’ 
nearness of the sill of the w(ur to the bottom of the cliannel of ai)proacli 
and by the inclination of the weir face. 

Where the nappe,'" or falling slieet 
of water, comes into contact with the 
top or down-stream face of the weir, 
as shown in Eigs. 80 and 88, a further 
and in general irr(^gular vaiiation 
takes i)lace in C. In what immedi- 
ately follows, only those weirs will be 
considered in which the nappe, springs 
cl(‘ar of the ci'est and discluu'ges freely 
into the air, the crest being vertical, 
narrow' in coinparison with tlu^ head, Pio. 7 f,. 

and having a sliarj) upstream edge. 

Boussinesq’s Theory. - A theoretical treatment of tlui flow over a 
suppressed weir, which is of much interest, is due to BotiHsenesq. 

Let JI = depth above sill. 

,, a b(i the amount by which the arched under side of the vein rises 
above tlu'. sill. (Assumed, and verified by Bazin, to be a definite fraction 
(•13) of JI) (Eig. 76). 

At the v('rlical section, at wln’clf a is a maximum, let d be the vertical 
thickm^s of the vtdn. 

if we assLimf that, over this s(‘ction, the stream lines are ])ortions of 
concentric circles and are normal to tlie se.cticm, and also assume that 
there is no loss *of energy up to this section we have the conditions 
fd)taining in free vortex flow' and as in that case, if r is the radius of 
curvature of any stream line, v r is constant. * * 

Consider any filament, x alxive the sill, of velocity i\ aifd radius r. 

Let = vel. at A; Vi, = vel. at B. 

Then v^= J ‘2g~(Tl — aj; v= J 2 y iU — a). -- 
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/ d a 

s/'l.,(ll-a). his 

>+.,~a , 


i'lL 


• ~h J <1 ( II — a ) . log 

Let r„ = 11(1 

Then Q = h J *2 // ( // — .o)*. ?/ d t(^g ^ 1 + y ^ 


And sinc( 




II ~ a 
II - a - d 


■■■ 

But for poniiiuvjiico of the flow Will adjust iiself until tlie dis- 

charge is aiuaxiinum, and in this case-r"^ ~ o. 

d H 

‘2 ?/ d- 1 / 1 \ 

On diilereniiating ^ tins gives i (1 + - ) 

O 11 -j- 1 \ It/ 

nr M = -8814 ^log (1 + ^ ) =-7.'58l) 

• . /n ni 4 i ’eBM X ‘2-7(i-i8, 

.. (J — V 1 (I {II (i) I ' 

h s/'Ty //a 1 1 - ~;l“ X -522. 

/ ' 1 !) 

Taking a ~ II z=z ’V,] this becomes 

Q:=- 4 ‘l‘\h J iiiTj'i 

= :!•:!!) h ifi *'• t 

a valiKi in very close agreement with residts (^xpei'i mentally^. 

,/o, Y //-a 

' ^'u ‘ \ >^ ) n - n - d 

/. d {If ^ a) [ 1 

t II , ( 2 wH 1 ) 

= i (« + i)»f 
'« L {>( + I}“ • " + 1 \ n^J ■ \ n) 




d Q 

r 


_! (« -I - ( 1 w -I n - w (2 7 ^+ lY 2 + 1 ) rj 


I C/^+lj' 

2«+l=l.,g [(» + !) (4« + l)-2«(2* + l)|. 

= (3 » + 1 ) lop + y 
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betNveen He limits 11 and 0. It mi^lit also be deduced from equation (2) 
of p. 129 by writiii^^ II = O', <l ~ II. 

Tlie value (^f C, in addition to varying with the breadth and dei)th of 
the weir, vari('.H largely with its position with respect to the sid(is and 
bottom of the approacdi channel. Where the sides of thio channel are so 
far removed as not to alTect tln^ contraction of section at either side of tlm 
weir, this is said to have two end ci^itractioiis, while where the cdiannel 
is of the same breadth as the weir, the lattei*has no end contractions, and 
is termed a 11 V/r. The bottom contraction is also allected by tin’ 

nearness of the sill of the w(dr to the bottom of the cliaunel of ai)proacli 
and by the inclination of the weir face. 

Where the nappe,'" or falling slieet 
of water, comes into contact with the 
top or down-stream fac(i of the weir, 
as shown in Eigs. 80 and 88, a further 
and in general irr(^gular vaiiation 
takes i)lace in C. In what immedi- 
ately follows, only those weirs will be 
considered in which the nappe, springs 
cl(‘ar of the ci'est and discluu’ges freely 
into the air, the crest being v(‘rticnl, 
narrow in comparison with tlu^ head, 
and having a sliarj) ii})stream edge. 

Boussinesq’s Theory. - A theoretical treatment of tlui flow over a 
suppressed weir, which is of much interest, is duo to BotiHsenesq. 

Tjct II = depth above sill. 

,, a b(i the amount by which the arched under side of the vein rises 
above tlu'. sill. (Assumed, and verified by Bazin, to be a definite fraction 
(•13) of II) (Eig. 76). 

At the v('rlical section, a,t wliicl?</ is a maximum, let d be the vertical 
thickm^s of the vtun. 

if we assLimf that, over this s(‘ction, the stream lines are ])ortions of 
concentric circles and are normal to tlie se.ctiim, and also assume that 
there is no loss *of energy up to this s(!ctioii we have the conditions 
fd)taining in free vortex flow and as in that case, if r is the radius of 
curvature of any stream fine, v r is constant. ’ * 

Consider any filament, x above the sill, of velocity v, aifd radius r. 

Let = vel. at A; Vi, = vel. at B. 

Then = J ‘I tjljl — a) ; v= J 2 y iTi — a). -- 
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This end contraction evidently diminishes the discharge by ^ amount 
which is constant for a given depth, and it is reasonable jjo assume that it 
therefore diminishes the elTective breadth of the notch by an amount 
which is also constant for n given depth, and which depends only on the 
depth. The la*,v of its variation with the depth has not been accurately 
determined, hut it was assumed, as appears to be appi’oximately true, that 
the diminution in elTective length iiij directly prf)portional to the depth 
and that the elTective leiigtli'is therefore e(|ual to {h — n h 11} where n is 
•the number of contractions and k is a constant to be determined 
experimentally. Francis then assumed (thougli not on tluioretical 
grounds) that the discharge from notches of ejpial elTective lengtli varies 
according to a constant power of Ihe de[)th, so that tlio formula 
becailie ^ 

Q = K {h-n k U } IF. 

Though neitheivof the assumptions madti is (juite correct, yet if x be 
given the value 1*5, K the value 3*83, and k the value they lead to 

results closely in accord with experiment. 

In general the Francis formula is suitable for use for all heeds above 
0 inches where the bottom contraction and end coniraciions, it ahy, are 
free, and where the length of crest is gn^itcir than thn^i; times the head. 

Elen where the ratio of length to head is loss than three, the formula 
gives fairly accurate results, the discharge as calculated being always 
slightly less than observed. Kecent exporiimmts at (loiiu'll University^ 
on a suppressed weir 6#() hict wide and with heatls nuiging from 2*0 to 
4*85 feet give mean results 98*4 per emit, of those calculated by its use, 
and indicate its reliability for heads up to 5 feet. 

For perfect contractions Francis specifies a distance to side of approach 
channel = 2 II, and a depth below the weir crest = 3 11, and states that 
a reduction of the bottom clearance tf 2 // and of the side clearance to 
11 incr(^as(^s the flow by about 1 per cent. • 

Elfect of the Velocity of Approach. — As in the case df a submerged 
orifice, the fact that the stream has kinetic energy in virtue of its velocity 
of approach to the weir may be taken into account, apd correction made 
for this by adding to the measured head II a supplementary head h, 

' ' • . . 
where h = Here v is the velocity of approach, and is necessarily the 


* A formula of tliis form was suggested by Boyden in IS 115. 

* “ Trans. Am. Soc. C.E.,” vol. 44, p. 397. The maximum variation from Francis’s for- 
mula, viz., 4 per cent;, occurred with 2 G1 feet head. 
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conipufcoS mean velocity over the whole s(;ctioii of the ap])roach channel. 
But the disti‘il)%tion of velocity over this section is not at all uniform, the 
filaments ncaA'er the surfaej^^ and neana- tlie^eiii w having a velocity ^reatei- 
than roe mean, depejjdin<^ on tlie de])th, widtli, and surface condition of 
the channel. The ])articles which sutTia* the least cliaiige in their direc- 
tion of motion on passin^jj the weir are tlnis tliose which hav(f a- velocity 
of apprdach ^o'(aiter than the meaif, and^since the velocity of a.p[>ioacli in 
these particles hiis a ^realtor proportionar effect in inci-oasin^ tlie flow 
])aHt the w(a’r than in those which ap]>roach its plane in a moni oblique 
direction, the effective velocity of a.pj)roach will ))e "rea,tei‘ than that 
corniHpojidinj:^ to the calculated l^ead //. Most experimenha's, then^fore, 
put the effective liead as eriual to JI + a //, where a has some value {^n;ator 
than unity, and write 

(j = K h {Tf -b a h)i = K h jA ^ 

Francis, however, allows for the velocity of api)oach by puttin;:: // + 
aiid h as liis limits of inte^n-ation in formula (1) of this article, and thus 
gets 

I a 

For a suppressed weir V = 3*33 h -j (7/ + h)'^ — 

With one end contraction tp {}> — *17/) | (77 + j 

With two end contractions (,) = 3*33 (h — 77) | (7/ + ^0“ ^ ! . 

In using Francis’s formula, care should be taken to apply the correction 
ill this maamcr. 

,:2 

The value of h = is determined by approximation. Thus Q is 

first determined from the measured 77, and this value of Q is used to 
determine r jrom the known area of the, channel. 

The second a])proximati()ii to the true value of V, olitained by inserting 
the value of thus found, in the expressions given above, is always 
suffl(u‘enlly muir for ijjl practical puiqioses. 

a ( ? il 1 

Since in this fdrniula we have 7)**^ = | (77 -|- 7)^ ■— h- ^ 

f) = I (// + /()'^ - //I p. ‘ 

Expanding this as a siu-ies and omilting all terms containing a small 
quantity of the second order, we get 

D = H + h V Yi = H 4- a 7, where ® ^ | 
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FtAcif and Stearns,^ from experiments on snp])resse(l wei/s 5 and 
19 feet and with he ids ran-in" from *07 tf) I'hO^ffeet, and also 
from a diseussioii of Frands's^results, obtained the formnja for a sup- 
pressed weir 

(J = d*;n I) 11- -f- ’007 h (Mih. ft. pnr sue. 

For a weir with end contractions, h is to bo replaced by (h — *1 71 IT). 
The velocity of ap 2 )roach is to. bo* allowed for by puttijigthe elTective head 

II + all, wh(‘.re 

a =z rn for a s 11 ]) pressed weir. 
a ‘2*0.5 for a weir havin<^ two end contractions. 

These are nKsan values. Actually the*eK])(‘riments showed that a varitis 
with fi, as shown apjM’oximah'ly in the following table: - 


Di'pU) of 
cli<lllti<'l of 

^ StipiHossed w*:r--(*haiin''l Ti fi* 

t'l, wide, di'plb - 

nil < h’nI III li'i'U 

below ciest. 

•2 

•4 

•0 

1*0 

1'^ 1 

2*0 

•5 

1-70 

1-.58 

1*52 

1*48 




TO 

1-87 

1*79 

1*71 

1(‘)1 ' 

1*52 

— 

1*7 

l-tiO 

l*(i8 

j*i;o 

1*51 

1*J() 

j -.^s 

2*(; 

1'61 

1*19 

1*47 i 

1 

1*48 

i*8S 

1*88 


Hajnilton Smith, ^ from experiments by Fhdey and fitoarns, Francis, 
and self, with weir longtl^j^from *(»<) uj) to 19 feet, heads up to ‘2 feet, 
altered Francis’s formula so as to lake a corn'ctiou II -f- a Ji I), for 
the velocity of approach, giving a the values 1*4 for a contracted, and 
1*33 for a suppressed weir. 

( F ) 

Then Q = 3*29 \h-\- „ \ for a supjiressed weir. 


Q 

Q 


= 3*29 
= 8*29 


hlA 

U- 


for one end contraction. 

D ] 

■L--} D- for two end contiwTions. 


Smith also suggests determining v, and therefore h, .by iii(',asuring the 
surface velocity in the approach channel, tlu'. ratio of surface velocity to 
mean velocity being usTially approximately eipiarto a. 

Bazin, ^ froni liis own experiments on suppressed weirs from 1*G5 to 


* “Trans. Am. Sue. O.E.,” l.SS.3, |n>. T 118. 

2 Jliiniilton Hni^tli, “Hydraulics,” pp. 99 and 1.37. 

» “ Annales des Fonts et ChausKoes,” 1898, 2me Irimestre. 
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6*50 fee^ long, and with heads ranging from *17 to 1*97 feet, and also 
from an examination of the results of Fteley and Stearns, deduced the 
formula 


0 = -105 + 


•00984 K / . 

, ' h V ‘1(1 ih c.f.s. 

//I * 


for a weir with no velocity of aj)|)roach. For a weir with velocity of 
approach, the effcictive head = /i-f- luii) //, and on substituting for // in 
terms of the d('ptli of ap])roach channel Ibtzin linally g(4s 

Aiipnixiiniilely, for liciiils from J inches to ] foot we have 


(,> = I •llJ.'i + -ut 




// 77- cub. ft. per sec, 


correct within a])out Ih ])oi' cent, hi these formulae P = height of the 
weir crest a])ove the bed of tbe apiiroach channel. All dimensions are in 


f()et. Fxpn'ssing the forniula in the form (J = K h 77^, the following 
values of K are deduced from haziirs experimental results : — 




Ill i;,'lil o( notch sill itliovc ( h;iiiii«l bed, iii liict. 


llhiid III ItM-l, 

II 

•()(; ft. 

l-oo ft. 

1-50 ft. 

2-00 ft. 

5-01) ft. 

•1(U 

:m;(;7 


;h;io 

3-(;oi 

3-593 

•2^0 

;h(i52 

;{-59:i 

;h5(>l 

3*550 

3-529 

•65() 

Ih85() 

;ir)i)7 

3 555 

3-501 

3-40IJ 

1 -050 


1 ;i-829 


3-555 

3-394 

1-575 



3-79i; 

3-(;55 

3-394 

1*9()9 

— 

-- 

3-877 

3-733 

3-422 


The following table shows the latio of the vedocity-of-app roach correction 
applic^l by various experimenters for a siqipressiid weir. 


Ha/iii. 

K1.oIi*y and 
Slcains. 

Sniitti. 1 

Kiaucis. 

1-0 

• -887 

•787 

dwpeiids on 
h 


This large, dilTerence is, however, more apparent than real, as the large]' 
velocity corrections are compensated by smaller weir coellicient.s. Actually 

n.A. L 
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the iirjal {igreeiiieiit is, in goiioiMl, fairly close, as is shown by tlir follow- 
ing table, wbich shows the Cf)in|)arative values of (J i)ev foot ^^f crest length 
for a suppressed weir : — 



llfirlit 
<>t 1‘U‘st 

Uratl. 

Vi liinty 

! Kiaiicis, 

1 

Fti-li-y and 
Strai ns 

lia/iii. 

Simtli - 
l''r:iiiois. 

10 ft. 

2 ft. 

1-0 ft. 

Mbf.s. 

1*00 1 

P0ir> 

•085 

P018 

10 „ 

4 „ 

1-0 „ 

•GS „ 

POO 

pool 

POlO 

P002 

10 „ 

I „ 

10 „ 

3-7)3 „ 

1-00 

PObO 

P050 

P115 


It may bo shown that neglect to allow for the velocity of approach will 
lead to an error which may amount to G per cent, where J (the ar(;a of 
approacli channel) = 2 h II, hut is reduced to *7 per cent, it J — G /> Jl, 
and to ‘25 per cent, if A = 10 h JL Thus with a suppr('ss(^l weir it is 
in genera] im])ortant that this should h(5 taken into account, while with 
two end contractions it is usually iimiccessary, 

BrascJi}nainis formula : 

Q = j-ysSB + •0980 ~ I h V aT/ T'/a c.f.a. 

the dimensions hcnng in feet, is much used in Germany. Here D is the 
width tjf the ap])roach channel. The formula only applies to rectangular 
weirs with two end contractions and free bottom contraction, and agrees 

well with that of Francis, ^here B ~ 4 h. 

The following vsJues of C were detormimHl by ihofessoi* Thv(4sljanvers- 
T)evy, of Liege, from exi)eriinents on a siuall rectangular notch 2';')03 
inches wid(‘, and with heads varying from ‘4 to 4*3 inches,^ with no 
velocity correction 


•1 


■G 

•8 

1-0 

1-0 

2-1) 

2 

3(1 

1 

4-0 

•029 

(i-j-j 

•ois 

(-.125 

•009 

•0012 

i 

•0029 

■4;u23 

•(;()2i 

'(;o2i 


lleccnt experiigents on a sharp-crested weir 2’r)0r) feet long, lieight of 
crest 8*05 feet, and CA)iitractions suppres.sed‘^ showed that over a range of 


* “ Pi'oecrdinfjs Inst. Civil Engineers,” vol. 94, p. 393. 

^ “Uulleiri of the Umversity of Wisconisiu,” No. 5il0, p. 283. 
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heads from *3 to 1*7 feet tlio variation from the formula of either 
Francis or Hizin in no cas(3 exceeded 1*7 per cent., while tlie variation 
from the Hamilton Smith formula inci^ased steadily from *7 per cent, 
with *3 foot head to 7*il per cent, with 1*7 feet head. 

Discharge over a Curved Weir. — Where a curved W(ar*lias a large radius 
of curvature, n-nd discharges radially inwards, the discharge per foot run 
may he expected to he hut slight!^’ less.than the discharge oveu* a straight 
weir under the same lu'.ad. 

An extreme case of the curved weir with inward or outward flow' is found 
in,thc case of How over the upper edge of an open vertical stand pipe. 

Experiments carried out at ^Cornell University ^ on a series of such 
pipes of diameters 2, 4, (5, P, and 12 inches with outward How, show* that, 
if 1) is the diameter in feet, for heads less than *028 the How is 
similar to that over a sharp-crested weir, while for heads greater than 
*107 the How hecouies similar to that of a jet. • 

The discharge for weir How is given by the formula 
(j =z S'H />* IP cub. ft. per sec. 

= 20l{///p „ „ 

Here I is the length of the crest, I and II both being in feet. 

For jet How the discharge is given by 

Q = 5*7 IP c.f.s. 

= C A V 2// II c.f.s. 

where A is the area and C — *1)05. 

In similar experiments on pi])es of 0*9, 10*1, 137, 11)*4, and 25*9 inches 
outside diameter, with How radially inwards,**^ the discharge was given by 
Q = K I }P*'^ cub. ft. per sec. 
where K has the following values : — 


DiUmoter of wcii (inches), 

• 

G-9 

1 

10* 1 

ia-7 

19-4 

25-9 

Value of iv 

JL 1 

2*93 

2*94 1 

1 

1 

2*97 1 

1 

2*99 

3*03 


These constants hold for heads up to one-fifth ol^ the diameter of 
the weir. 


^ “ Proc. Am. Soc. C.E.,” 1906, p. 479. 

* H. J. P. (iourley, “ I’lvc. lust. C.li.,” vol. 184, 1910—11, pt. 2, p, 297. 
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Effect of a Change in Head on the Discharge from a Rectangular Weir. 

V 

Since (J = K ll'i = 1-5 K llK 

S (,) 1-5 K ir^ S II, and = 1-5 

i.c., tlifi ])rn])()rti()ii[il in Q m 1*5 times iliat in 11, 

t 

f, 

' Effect of Inclination of Weir Face. 

As miglit bo (ixpocted from its effect on tli(3 crest contraction, ,an 



Fio. 78. 


np-stream inclination of the weir fac(; (hhg. 78 a) reduces, wlhle a down- 
stream inclination (Fig. 78 5) increases, tlie discharge. 

obtained the following comparative results with inclined weirs : — 



The maximum discharge was obtained with a down-stream inclination 
of 7 to 4. 

Professor G. S. WiUiainSf in experiments on weirs with a down-stream 
inclination of 1 to 1. obtained a mean comparative increase of 7*2 per 
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cent, ^v■•th a cnjst heiglit of 6*65 feet, and of 8*8 per cent, with a crest 
height of H*25 feet. The ht^ads in these exi)ei*iiiienhs ranged from 
*5 to 4 feet. 

Effect of a Sloping Apron on the Down-stream Side of a Sharp- 
crested Weir. 

If such a weir, having a V(!rtif,al up-stream face and si shsu’p crest is 
fitted with a sloping sipron on tlui down-stnnim sid(\ tln^ disciisirge is 
incrcsised to sin extent wliicli dejsends on the slope of tlie sipron. llazin^ 
experimenting on such weirs lisiving li(‘iglits of 1*61 sind ‘J*6J feet sind 
with liesids rsinging from *3 to 1;5 feet, deduced tin; 5 i])])roximato formula 

K = for values of the slope H between 1 sind l‘J. 

Effect of Rounding the Up-stream Edge. 

A slight rounding of the up-stream edge, Isy diminishing the contraction 



Fn;. 79, 


of section tis^indicated in Fig. 79 n, ahvsiys causes an incnuised discharge 
Messrs. Fteh’if anfl Slcarns, from expijriments with cj-cist indii up to 
1 inch, found tluit, so long sis the najtpr wsis fully aersited, the eifect of 
the rounding was to iiicresise the (?ff(ictive hesul by ///, whore Jl' = *7 r 

(Fig. 79 

Effect of Clinging Nappe. 

The experiments of Jisizin showed very clearly tluj importsince, of tsxking 
into consideration the isarticular form sissuimid by tlie nappe. 

If discharging freely, with free ndmissioii of air uiideriiosith, such a 
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jiappr is said to be fully aerated. In a suppressed weir discharging 
between the walls of a dischaigo channel of its own widCh, the rmppe 
will remain in contact with these} walls, and tends to eject the air enclosed 
in the underlying space. For free aeration it is necessary for air holes 
to be provided in tViese wing walls. 

If no provision is mide for such an air supply, a partial vacuum is 



a 


b 


c 


Kio. 80.~ Depressed, Drowned, and riin^iir^ N;ip))es, 


produced beneath the nappe ; the latter is said to be depressed, and the 
discharge is increased (Fig. 80 a). 

In an extrciiKJ case of the depressed nappe the whole of the air behind 
the nappe iiniy be ejected, when this space is occu|iied by a turbulent 
eddying mass of water w'hiclpdoos not itself join in the general na^tion 
of the nappe. The latter i^then said to be drowned or wetted under- 
neath (Fig. 80 M. 

With V(uy low heads tlio nappe, may adhere to both crest and down- 
^reain face of weir (Fig. 80 e). 

Bazin gives the following as the relative discharges from a thin-edged 
weir 2'4() feet high and with a head of 'u56 foot under dilferent na 2 )pe 


conditions : — 

r 

Nappe. 

1 llclative 
discharge. 

Free discharge into air with full aeration .... 

rooo 

Nappe depressed with partial vacuum beneath , 

1*060 

Nfip]>e wetted und(‘.rneath ; down-slivam water level *42 foot 
lielow crest 

1*148 

Nappe adhering to down-stream face 

i*279 
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cent, ^v■•th a cnjst heiglit of 6*65 feet, and of 8*8 per cemt. with a crest 
height of H*25 feet. The hf^ads in these exi)ei*iiiienhs ranged from 
*5 to 4 feet. 

• • 

Effect of a Sloping Apron on the Down-stream Side of a Sharp- 
crested Weir. 

If such a weir, having a V(irtif,al up-stream face and a, shai’p crest is 
fitted with a sloping apron on the down-stnnini sid(\ tlie disciiarge is 
increased to an extent wliicli de])ends on the slope of tlie apron, liaziii, 
experimenting on such weirs having li(‘iglits of J*6I and ‘2*6^ feet and 
with lieads ranging from *3 to 1;5 feet, deduced tin; a])])roximato formula 

K = for values of the slope S between 1 and 1‘J. 

Effect of Rounding the Dp-stream Edge. 

A slight rounding of the up-stream edge, ])y diminishing the contraction 



Fna 79. 


of section as^indicahnl in Fig. 79 n, always causes an incr(;ased discharge 
Messrs. Ftckj/ aurl Slcanis, from exp(!rimenis with cj-(;st indii up to 
1 inch, found that, so long as the najipr was fully aerated, the eifect of 
the rounding was to increase tin; (;ff(;ctive h(;M,d by ///, whore Ji' = *7 r 

(Fig.79«. 

Effect of Clinging Nappe. 

The experiments of Jiazin sliowed very clearly tin; importance, of taking 
into consideration the particular form assum(;d hy the nappe. 

If discharging freely, with free ndmission of air underneath, such a 
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To get this into a orm available for practical use we inujt writ 


6" 


-15 


■{ f-A 

j ^ - 7i 


ia ■ 


‘2 // 
5 II 


'n = -‘-r 

' I J ir. 


7/^' 


So that = 

Equation (2) then becomes 


Q = ^VB^-i!i (3 

tl?e formula obtained by integrating tlie t-Kpressioji (1 ) hctTveon tln^ limits 
H and 0. 

]> 0 

Putting — II lan - , where 6 is the #inglo ini'lLided between lh(‘ sides 

' » Jt 


of the ifotch, iliiti becomes 

y = ^ a VY ;] tan I IP (4) 

= 4-28 G lan ^ iP (5) 


The coeHiemiit C here includes both vsxriablcs C' and 7/'. Since ilie 

ratio “I is constant for any one notch, it is to be expected tliat the 

vsiliio of C with different lioads will be more Jiearly coiistsint than in 
ir,ic cUmSc of a rectangular notch. Experiineiils by Pro/ifispy flamca 
Thomson ^ indicate that tliis is so, the value increasing v(Tv slightly as the 
head diminishes. With a right-angled notch the variation was less than 
1 per cent, under a range q#' heads from 2 inches to 7 inches, while with 

0 

a notch having sides inclined at 2 horizontal to 1 vertical (tail =: 2) 


the value of C increased by about 2 ])or cent, as the head was 
^reduced. 

As the result of these experiments Pr/,)fessor Thomson estimahid the 
mean value of C for a right-angled notch as *593, thus giving a 
discharge , 

r; 

Q = 2*530 IT ’■i cubic feet per secoiid. 

0 

With a notch having side inclinations of 2 to 1 (tan > = 2), the mean 

u 

value of C was found to he *018, mnlving < 

Q = 5-29 IT- cubic feet per second, 

while as the angle is still further increased, C appears to approach a 
limiting value *020. 


British Association Report,” 1801, p. .S51. 
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With Ibese wide-angled notches the value of (7, however, fluctuates 
between muchtvider limits than in the case of the right-angled notch and 
this renders, the former type not so suitable for measuring purposes. 

Thomson’s formula for a right-angled notch may be written in the 
form * 

Q =: -805 cub. ft. per minute 
where II is the la^ad in inches. * • , 

A series of very careful experiments has been carried out by il/^ 
Jawea Baii\^ on such notches, with beads up to 10 inches. The chief 
resiflts of these ar(i shown graphically in Fig. 82, where curves A, and 



Fkj. S2. — Valno of Coeflloiciii f'm Q ^ ('H^ c.f.m. for a Ri^ht-anj^lcd Notch. 


B respectively represent the results tditained on a notch with an 
extremely line edg{', on one with a crest inch broad, and on one with a 
crest inch broad. In theses experiments the a})])roach channel was 
4 feet wide, and the deiith of the floor of the channel below the vertex 
of the notch was 2 feet. • 

To lind the effect of the width of the channel of apiiroach U 2 )on the 
discharge, fal^e sales nuuhi of w’ood were jibwaid in the flume. They 
extended the full depth of the flume, and for a distance of 3 feet 
up-stream. 

Two sets of ex])erimonts were made, in one of which a head of 8 inches 
was maintained and in •the, other a head of 4 inches*. Fig. 88 gives the 
riisults. ^riiey show that in order tha.t the flow may be* indt^pendent of 
the channel width, the latter must be at least eight times the head. 

A sheet of zinc 88 inches broad and 42 inches long was used as a 


• EngineeniKj^ Ajpril S and 16. 1910. 
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temporary floor to investigate the effect of the depth of the cfiannel of 
approach upon the discharge. The results arc given in Fig. ^ 1, whicli shows 
that the presence of the floor jmoduces a sliglit djniinution in tlui discharge, 
and that this effect disa})pcars when the channel depth is about three 



rjxUjo of WidUh or Chan rvcl of Approach ti)IIca:l> 
Fir,. 8;{. 


times the head with a 3 inch head and about four times tlie liead with a 
4 inch head. 

Experiments were also made in which the lu^ad was varied. Fol* the 
results given in E (Fig 82) the floor was maintained levtd willi the vertex 
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of the notch, and it was at a depth G incluis below 'the vertex for the 
results given in I) (Fig. 82). ^ 

By coating the np-steam face of the weir plate with coarsen einery the 
discharge was fncreasod by 2'4 per cent, with a 8 inch head and by 1*7 
per cent, when the head was 4 inches. 

Tlie results of the whole series of (‘,xperiments are in extremely closer 
accord with those previously obtained by Professor Thomson. 
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While suffering from the disadvantage that only small quantities of 
vater are passed with a comparatively high head, the triangulai’ has the 
advantage ove^ the rectangular notch whore ^the flow is very variable, that 
vith either large or small heads it is equally easy to take accurate 
aeasurements of the head, while with the rectangular i^)tch with very 
ow heads this is practically iiii possible. 

On allowing for the velocity of a})^roach, ecpiatioii (1) bL>-eoiiies 

Q = C tan V 2 (f |(// + cub. ft. per sec. 


Hefe h may be taken as 1*1 , where r = vcdocity of a})proiu*h. 

^ !l , 

In using the notch, care should be takcui that the sides are equall;^ 
nclined to the vertical. 


Since 


Variation of Discharge with Head. • 

Q = K jfi 


d_Q 
d II 

() 


= 2-5 K TP 



It follows that a. soiall change in, or error in estimating 77, j^rod'lweB 
2*5 times the peJTcniage change or error in Q, 


Art. 54c.- - Trapezoidal Notch (Fig. 85). 

Let h be the bottom breadth of the notch. Let 0 be the inclination to 
Lhe vertical, of the sid(\s. 

The notch then becomes equivalent to a rectangular notch of Imeadth 5, 



bogether with a triangular notch having an angle 2 0 between its inclined 
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if 

sides, and the discharge Q due to a lieiul Tl is obtained by addit]f^*the values 
of y, as calculated for two such notches. i 

(.) = VJJi j 2 h Cl A tan e 7 /=^ J ( 1 ) 

Assuming Cf = Ca = C' this becomes 

Q = G VTff II^ jg 7/ tan . (2) 

Francis’s formula for a ^octangular notch shows tlmt iho two end 
contractions reduce the effective breadth by ‘2 7/, and iho discharge by 
an amount 

■2HxloV'Ig. rP*= ,7 C V 2 .7 . lA 

If then the ends of the weir, instead of being vertical, arc inclined out- 
wards so that the added area counterbalances the increased contraction 

of section of the Stream, the coefficient K in the formula Q = Kh IV^ 
should be independent of the head. 

For this to be so we have 

G V '-Iq . ifi = ~ G VT^I till! 0 ll\ 

1*0 ' 10 ‘ i 

so that tan 6 = J, or the sides are to \h) inclined outwards with a slope of 
1 irj. 4. 'rihs is termed a Cippoletti ’ Weir. 

From his own experiments and those of Francis, on heads frc^m 3 to 24 

inches, ('ijfoletti made ^ = 3*3G7 h IT^ cub. ft. per sec., the Francis 
velocity correction being used. 

Experiments by Messrs. Flimi avd Dyer ^ on weirs having sill lengtl^s 
of from 3 feet to 9 feet, and heads from *8 foot to 1*25 feet, gave, as the 
mean of thirty-two experiments, K = 3*283. In this formula, however, 
the velocity correction of Hamilton Smith (effective lieadp 77 + 1*4 h) 
was used. Had the Francis correction been applied this coefficient would 
have been in close accord with that of Cippoletti. ^ * 

If Cl = *623 (Francis mean value) and = ‘593 (Tliomson’s value for 
a right-angled notch), the inclination of the side.s becomes 1 to 4*2. 
Experiments by J. C. Stevens on weirs having lengths of 6 inches and 
of 1, 2, and 3 feet,, with side inclinations of lt(^4, and with heads ranging 
from ‘08 foot to ‘8 foot, indicate that for small lengths, the discharge is 


^ B'lrst dOvScribeil by C. Cippoletti. See “ Giomale del Genies Cliviles,” 188G, 

* “ Trans. Am. Soo. C.E.," vol 32, 1894, pp. 9—33. 

• En^ineenmj Seim, New York, August 18, 1910, p. 171. 
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greater th^n is given by the formula, the error increasing as the length 
is diminished. €<'or lengths less than 3 feet the side inclinations should 
apparently vai;y as follows : — 


Length of weir (feet) 

•5 

1*0 

2*0 

Cotan 0 , 

4*26 

*4-8 

4T 


• AkT. 55.— SlTliMEllGED WeIUS. 

Where the water on the down-stream side of a weir rises above the le^el 
of the sill we get a submerged weir. 

If Hi and IL 2 (Fig- 80) he the 
heights of the free surfaces above 
the sill of a rectangular weir, the 
flow over the upi)er part of the 
section, of a depth IT\ — may 
be considered as a free discharge 
into air, and that over the lower 
part, of depth i/ 2 , as a discharge 
through a submerged oriflce. 

Thus for the upper portion Qi = | Ci 0 V 2 <f {Hi — i/^)^ 

„ „ lower „ (*>2 = C 2 ^ V 2 // Jh (i/i — i/ 2 )- 

if wo assume // = C 2 = we have for the total flow 
Q ^ a h !^(//i - ih) - 

• = (7 h V 2 fl{nr-^) {| ifi + 1 772|. 

Taking into i^ccount the velocity of approach, we have 

(.), = W¥7/ !(/ii - ih + - /,,^j 

Q., = (\ h' V 2 <1 Ih {Hi - Hs + hr 
Q = Cl V 2 y trh ~ll^h) |-^ Hh - Ih + h) + Hi 



(Ih - Ih + h)^, 
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As a V(^ry close approximation wo have 

Q = C h J 2// ( 7 /, - Ik + I,} + h) +'i hX 

//« * 

The value of (J varies with the ratio ,, f ,, and can only he deduced 
* III + h 

hy experiment. 

The following mean values are ohty,ined from the resulls of experiments 
by Francis, and by Messrs. iTeley and Stearns : — 

* FVr7aci.s‘.— Depth of water at sill ‘H5 to 2*3 feet.^ 


.. TL2 

iir+^h 


G. . . 


*00 

*1 

‘ -3 

•r, 

•7 

*9 

• *623 

*625 

*606 

i 

*504 

r 

j -m 

•596 


Messrs. Ftelvy and Stcarn.^.'^ 


ih 

•1 

*3 

I 

*5 

1 

•7 

“'9 

fh + 1 < 

C. 


*605 

•590 

*585 

•595 


Redtnihacher makes Ci = *57 and Co = *62 in the above formula, 
while Pestalozzi also makes Ca capial to *62 and makes Ci vary from ‘534 
to *566, diminishing as the ratio of to lIi increases. It is indeed to 
be expected that will be greater tlTan (\, since owing to edd^^ forma- 
tion behind the weir the pnjssure on the discharge side ot the crest will 
be loss than that corresponding to the assumed statical head Hi— 112, 
thus giving rise to an increased discharge over the lower portion of the 
stream. • 

The difficulty of obtaining accurate values of /L and IH, combined ’with 


1 Suppressed weir 22’2 feet long. “ Trans. Am. Soc. C.E.,” vol. 12. 

* Suppressed weir 0 feet long. Values of JTi from -3 to ‘8 foot. Crest 3'2 feet from 
bottom of cliannel. “ Trans, Am. Soo, C.E.,” vol. 12. 

The results of experiments on submerged weirs 1 foot and 2 feet long, w^th two enq 
contractions, are given in Engineering News, New York, August 18, 1910, p. 174. 
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ibe fact ijint 7/2 is in a coniimial stale ol‘ change owing to the inuUilatory 
motion of the ^irhieo, renders the submerged weir very unsatisfactory us 
a means of ineasuring the flow of water. ^ 

The above discussion 0 ? submerged weir flow is due to Dubiiat, and is 
admittedly unsatisfactory from a scientilic point of view."* Tlie dilliculties 
in the way of a more ratif)nal investigation of the prol)iimi based on the 



Fjo. 87. — Surface Curves in Nciglibourhoi»d of Submerj^cd Woirs. 

variations of i)ressnre and velocity in the stream are, however, extremely 
great, as will be realised from a study of Fig. 87. 

Tluise curves show the profde of the stream as measured by the aTrEESr 
in the neighbourhood of such a w'eir, under different heads. 

B(t, 7 in gives the em[)irical formula 

Q = a |i-or, + "Ji ^ .bJ‘£7j. ih^ c.f.a. 

V, h( le C is the coelliciiMit in the formula 

a 

Q — C b J 2 if . Hr c.f.s. 

for flow over a similar w(dr freiily discharging undcir tlie head 77i, and 
Avliero^^ is the d(>ptli of tlui ap])roach channel below the veir ci est. 

Kut. 50. - BnoAD-ciiEsTKn Wnins. 

Experiments hy*]3a/iu indicate that in general the nfij)'pc will clear the 
crest of a sharp-edgcjd wjjir if this is of less width than *5 IL For widths 
between *5 H and *00 U the condition is unstable, and any variation in 
the fl(m will cause the na^w to cling or to break free, with a correspond- 
ing variation in the discharge, while for widths greater than this the 
'iiappe clings to the crest in every case. 

More recent experiments by G Williams inJicato that the ratio of 
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crost width w to head, at which the najypv springs clear, depcn(Js on the 
head and is usually less than *5, as shown in the following table : — 


Ci«st. wullli (k'ct) 


Ih^ad at which 

becomes clear (fe(‘i) ) 


Eatio of w : 11 


•4,S 


1-5 




•H3 


iMi.i 


iif)i 

2'/) ji clear when 
I [ // rz 4 lect. 




< -11 


Where tlie crest is sufficiently wide to cause adlau’cnce of the mppc, 



the weir is termed broad -crested. In’such a weir the sirliam sprin;;R 
clear of thr^ crest at its up-stream edge A and again makiis conta(?t at B, 
as in Fig. 88, so that the discharge is reduced by ihe fricfion ofi'ered by 
the surface from B to C. An increase in the head (fiminislnis the length 
of this portion of the surface, but increases the vclochty of iluw, so that 
some one particular head will give the minimum loss due to this cause, 
and will give a maximum coefficient of discharg(i. As the width of crest 
is increased the* friction loss increases and the coefficient of discharge in 
consequence decreases. 

Bazin experimenting on flat-crested weii’s having crest widths .ranging 
from'*lG4 foot to G'SO feet, and with heads from *25 foot to 1*5 feeX found 
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that whjpre the napjx' jidhores to ilie top but not to the down-stream 
face of such a^weir, tlic <liscliargo nlay be expressed by 




Here K is the coefficient for the corresponding tli in -crested weir, as 
calculated from Bazin’s formula. 

For wider crests, and for heads greater than 1’5 feet, this formula gives 
rather low results, while if applied to the Francis fonnnhi, the results are 
much too low for crest widths greater than d feet and for lunids greater 
than 1 foot. 
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All exauiiiJiiLion by ilie aiillior, of ('xporinieiits by G. S. Willunis^ on 
Buch weij’s, with widtliH ran^in" from *48 foot to IG’3 feet ai|d with heads 
from *5 foot to 4’0 feet, shows that, adojiting the Prjiiicis formula, the 
discharge is given within about 8 per cent, for all widilis and heads, so 
long as 

IV > 2 11, by writing 1C = K j-To ,+ 1 \/ . 

Ftclvy and Stearns, using cre'ot widths of from 2 to 10 inches, and heads 





from *110 to *804 feet, deduced the formula Q = K I where 

k = *2010 V (’HOI - -1876 h, and K is the coefficient 

for a thin-cre.\sted weir. 

The most reliable experiments on flow over broad-cicsted weirs and 
dams are those by Baziid and those carried ou^^ at Cornell University 
between 181)8 and 1904 under tin' supervision of Trofessor (1. S. Williams^ 
In the latter experiimnils which \Neremadc for the IlniUjd Slates Geological 

^ Foi a full iliscussioii of these resiilis, as wdl as those of IJazm, see “ Water Supply and 
Irrigation,” Paper Ko. HOO, U.S. Gcolo-iral Survey; “Wcir Ex]»erlments, Coeflioients and 
FormdaB,” by R. K. Horton, Also sec “ Rafter,” - linns. Am. Soc. C.K.,” vol. 41, I'joO. 
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Survey and for the United Siates Board of Engineers on Deep Waterways 
the \\eirs wtVe Hi feet in length and lieads uj) to 4 feet were used. The 
C )inell experiments were l)yfar the nioije extensive, and the cdiief results 
of these are shown ))y the following tahh's and the diiigranis of Eig. Bt) a, d, 
and e. On all weirs liaving vertieal down-stream faees«the iiapjw was fully 
aerated. In the weirs with inclined down-stream faces no air was admitted 
under the nappe. 


Rkctanoulau Elat-cekstki) Wfjus. 
Values of K' in formula, 0 =: K' h 


// 

(tt'Cl). 



04S fi. 

(1 iin fl 

0-5 

:iol 

2‘7(> 

DO 

;!-2i 

;v()l 

1-5 


;mi) 

‘20 


;h21) 

;h() 



40 1 




Vahu's ()l ii\ 


1 IT.:)!'!. 

1 .‘5 17 ft. 

.n-Si) ff 

I 2-7:i 

20 () 

2m;i 

1 2‘ffil 

2-70 

24)7 

! Jhoa 

2-7;i 

24‘)h 

1 :h()<s 

2-7d 

2*(;8 

;;M2 

2‘71 

2-h5 

:j-15 

2-(;i) 

208 


s-iis ft. 

12-24 ft. 

ft 





2*01 

24)1 

2'(>1 


2‘(;r) 

2(il 

24)7 

2-(;7 

2'()r) 

2417 

2-('.('. 

24)5 

20)4 

i ‘2-(12 

24)1 

24)1 

2'(;o 

2*59 


CoMi’OUNi) Wioiiis (A TO F). Fkf HDa. 



A. 

J5. 

(1. 

1). 


F. 

0-5 

8*21 

1 

8*10 

8‘22 

8-28 

8-28 

8-28 

lO 

8M2 

8-27 

8*85 

8-4() 

8*4() 

8*27 

1-5 » 

8-54 

8’88 

8'41 

84;i 

84iJ 

8*40 

;i4) 

8-55 

8*44 

8‘47 

84)8 

8-75 

8*46 

80 , 

;i-80 

8*'18 

3*48 

8-75 

8*87 

8-87 

44.) 

8-14 

• 

8-51 ! 

1 

8*48 

i 

8-81 

8*90 

8*05 


From experiments weirs of ogee cross section (A to F), the 
formula 

K'= ] 3'fi2 - -If. (» - 1) I 11"^ 

was found to give the coefficient with reasonable accuracy. Here s is the 
slope of the up-stream face. 
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f>a7nj)h\ ^ 2 : 1 ; // = 4'<) ; A" =■ 3-4f. x . joj, pV .o^O] ; ... .^^.46 x 

1-0716 3-70. 

This foriiiula holds for weirs w*iih an np-strean? slope more 'than from 
j feet to 4*5 feet broad, and with a down-stream radius (above from ‘2 feet 



■35 83 ' 




>0 3 feet).^reat enough to retain the nappe in contact, and yet not so 
arge as to simulate a broad, flat crest. 

^ Trapezoidal and Triangular Weirs (G to L). Fjg. SOb. 


Type G. 


Up-stream Slope. 

1 to 1. 

2 to 1 , 

3 to 1. 

4 to 1. 

5 to 1 

Crest Width (feet). 

•48 

•331 

•661 

•661 

•66 » 

•66 » 


•5 

3-22 

3-35 

3-22 

3-64 


8-31 


I'O 

3*57 

3*68 

3-44 

3*82 

3-44 

3'33 ‘ 

1-5 

3-59 

3-88 

3-59 

3'83 

3-46 

3*34 


1 2*0 

8T)0 

3-77 

3T>fl 

3-69 

3-48 

8*86 


8*0 

8-58 

3*()8 

3-()8 

3*55 

3-48 

3*38 


L '1*0 

3-55 

3*70 

3-70 

3-55 

3*48 

3*39 

,,, V. 


* “-Rafter,” crest height * 4*7 feet. 
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Types II to L. 


Head (^eet). 

H. 

• 

K. 

r.. 

-- 

— 

- 


■5 

8*58 

8-47 

8*14 

1*0 

8*.59 

8*4() 

8-42 

1*5 

8*1;4 

• :it45 

8*.52 

H'O 

8*().5 

8-4*2 

8*(;i 

8*0 

8(;8 

8*8.*') 


4*0 1 

1 

8*(>1 

8*29 

8*1)() 


Compound Wkiks (M to P). ¥ m . 81 )c. 


Hi‘a(l(Url)j M 


*5 

8*21 

1-0 

8*21 

IT ) 

8 - 21 ) 

2‘0 

8 * i (; 

;ho j 

8 -()(; 

4*0 1 

8*01 



() 


2*91 

8*05 

8*08 

8 * 1 () 

8*()8 

8*05 

8*88 

8*81 

8*04 

8*42 

8 * 5 (; 

8*11 

8 * r)l 

8 * 4.5 

8*20 

8-58 

8*88 

8*27 


From a eonsideration of tlmse various tables it appears that with dams 
liaviiig an ogee cross section, or having an up-stream slojie, the discharge 
usually increases according to some higher power of tliii lauid than the 
Prilli. fhjcent gaugings of the flow over large dams of these types'*^ 
indicate that this powiu- may attain a value as high as 1*75, though it 
usually lies between 1'50 and l*fl5. 

Effect of Cofidition of Nappe, on Discharge over wide, flat- crested Weirs. 

Just as with a thin weir the naj^pe from a wide-crested weir may either 
spring cl(}ar of the down-stream face, he depressed, or he drowned. A 
simple depression of th*! nappe has, however, little effect on the discharge, 
slightly increasing it for low heads and diminishing it^ for high heads. 
If the na 2 )pe is drowned the effect is very slight so long as the stream 

^ Type N is idcntisal with M, but with the mhlilion of u 12 inch x 12 inch timber baulk on 
its crest. 

“ Enyimenng Aeivs, New Voj k, Septewber 2‘J, 1910. p B21. 
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clings to the crest over its whole width. In some case^ a mass of 
turbulent wahu* separates the nappe from the weir crest. Under such 
circumstances Bazin found that the- discharge isHhe same as from a thin 
weir with drowiKul nappe, {uid is given by 

V = A" h llK A' = A [ -HTH -f -128 

P being the dc'i^tli of tlui approach cliiinnel hrdow the weir crest, and K 
h(^ing tlui co('.ni^ni!nt for a thin-crested weir fn*ely discharging under the 
same head. 

Aar. 57.— Rvtional Formula for Flow over broad-crested Wetrs. 

As was first poinhul out by 7>/*. IF. ( \ Unwin, a rational formula for flow 
over a w(ur of this type- may he d(Hluc(‘d if the crest he assumed to he so 
wide that the filameiits form a parallel stream of thickness t (Fig. 881 
before leaving the crest, and that in this stream the pressure at any 
point is that statically cornisponding to its depth. We then have the 
velocity at the surfaces and at every point in this stream = ^ 2 // {II — /), 
while () = M V H — 0- ‘ 

The value of / will adjust itself to give a maximum discharge, and this 

tneoretical value for maximum flow may be determined by ecpiating || 

2 

to zero. This gives t = - //, and sulistituting this vahm, we get Q = 

’V* 

‘385 5 >s/ 2 p 11'- as the maximum possible discharge. Writing this in 

the usual form Q — U. h 2 // II we get C = *578, and K = 3'()87. 

^ This method of treatment hccomes more rational if account he tahen of 
the fact that in a paralhd stream flowing in an open channel; the disti'i- 
bution of velocity ove-r any vertical is not uniform, being a maximum at 
or near the surface and a minimum at tlui bottom. 

Experiments show that the ratio of the mean velocity over the section 
of such a stream to the maximum surface velocity, while varying with 
the depth, width, and roughness of the bottom of the chamiel, lies 
between the limits ’82 and *87 for such surfaTjes and dcipths as are 
common on the crest of such weirs, this ratio increasing with the depth 
of water. 

Assuming, as is practically the case, that the maximum surface velocity 
in the case of the w^eir is equal to V 2 (j {II — t), the mean velocity will 
equal k V 2 g (77 — /), and the discharge will he given by 
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k \ K . h 11'^ — H‘087 /./>// ^ = K'hll'^ cul). ft. see. 

Thus eorL*esj)oii(liiig to the values '82iiud^87 of A', the values of K become 
and 2*69. * 

The validity of this formula receives remarkable confirmation from the 
results of thi^. tests on sncli weirs at Cornell (p. 166), where for all heads 
between ’5 foot and l ftiet, andjor all crest wiilths ^rreater than 5 feet 
th('. valiK'S of K' lie between ‘i'oD and ‘2‘6!). 

A slopiu" crest increases the discharjjje, as does any rounding of ulie 
up-stream corner. The effect of this rounding is not so pronounced as 
with a thin-cr(isted weir, diminishing as the crest width incrtMises and 
also as the head increases. Fteley and Stearns, expmdmenting'on a 
crest 4 indues wide, with radii of one-fourth, one-half, and one inch 
respectively, found the effective head to be increasiul in the ratio 


1 - 1 - 


•n Vi ] 

if ) 


, this correction being applicable fhr heads of not less 


than ‘17 and *26 feet on \veirs with radii of one-fourth and one-half 
inch respe(itiv(dy. 

lUzin’s eAperimenis on crests having widths of 2*62 and 6*56 feet, 
heads from ■20 foot to I'nOfeet, with an up-stream crest radius of 4 inches, 
■showed a iiuiaii increased discharge of 16*5 per cent, with the narrower 
.and 10 p(’.r ccMit. with the broader crest, while the United State” 
Waterways e\j)eiimcnts on a weir 22 feet wide, with 6 : 1 slojie on each 
face, showed an average increase of 2 iier cent, with an up-str(‘ani edge 
bounded to a radius of 4 inches. Experiments on wear ]^, Fig. B9 a, 
:show('d tliat a rounding of the ui)-streani edge to a radius of 4 inches 
iiu'-reased tht^ discharge by about 4 jier cent, at tlie higher heads. The 
■condition of the crest as regards roughness is found not to influence the 
'discharge by more than about 2 per cent. 


Art. *58. — flisE in Rurface Lever Prouuced by a Weir. 

• 

A dam or weir is usually placed across a stream with the idea of rais- 
ing the surface level and increasing the depth of water up stream. The 
•distanoe to which thisfilfect may be felt is sometimes considerable (see 
Art. 89), and can only be determined when the rise, in level in the 
meiglibourhood of the dam is known. This may be obtained if the dis- 
charge of the stream lad'orii the introduction of the dam is known (since 
this discharge; will be unalfocted by the presence of the dam) by eepaating 
this, in cubic feet per second,^ to the flow over a dam of the re(|uire<l 
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loiipjt.il h aiul under a head If} This deloriihnes /f, and^ therefore the 
total rise in level when the height of dam is pjiven. d’hiis if h. = mean 
depth of water before the introUuetioii of the draii, and if ///= liei^^ht of 
dam, 


we have 




II^ '-fl-/ . -Meet, 
I ( / /> V O (I ] 


Piise in surface level I _ / j_ /r 7 
produced hy the dam ) “ ^ 


_ 7 I 1 1 ' V ^ H !• * / 1 \ 

— • feet. (1) 

1 ( /> V (j I 

The same reasoniii^^ ap[)lies to the case of a suhimo-f^ed Yveir thrown 
across a stream, or to the rise; in level produced hy the election of hridj^e 
piers in the stream ''(Art. 1)1). 


Akt. r>l).— F sk op TiiR Weir as a Water ]\lEvsiMnNo '\TriJA\rr. 

The standard sharp-edpjed weir havinpj a free dischar{.je, or, for sniall 
quantities, the ripjht-angled triangular notch, are the only types foi whicli 
the coedicients have been determined with sufficient acaairacy to admit of 
^irwe?vs'»r accurate measurement of liow without previous calihiation. 

For accurate measureilaeni the followin^^ are esscaitials : • 

1. Sharp-ed^ed weir sill, li,\ed so as to he incapahh' of vlhiation, havinpj 
its face vertical and perfieilfficular to the direction of tlu' str^'am, and, if 
rectanpjular, liavinf^ its sill horizontal. 

± Chuir discharf^e into air, no adherence of vein to weir face. 

8. Weir lonpj in jiroportion to its deiith, /.e., b > 8 II. 

4. II small in conijiarison with the depth of the approacli channel, and 
sectional an'a of V(;in {h II) not {greater Ahan that of this cliamiel in a 
weir with end contractions, or not greater ilian its area with a sup|fiessed 
weir. 

5. Suitable channel of ajiproach. This should he as long and of as 
uniform section as possihl(> so ns to allow of the luotion Ixicoming steady 
before reaching the weii’. The length should, if |)ossihle, cxcocmI 80 If, this 
ratio being iiicreas(al a\ here the length of weir is largely in (^xcess of 8 If, 
In Bazin’s experiments the. length of supply channel was 4l)'2 feet with a 
maximum head of 1*1)7 feet and a maximum weir length of (I'oG feet, giving 
a length = 25 II. In Messrs. Fteley and Stearns’ experiments the length 

, ’ V 

' This velocity may Iw dctcrniUicd by curreiit inctoj* or float observations. See Arts. flS — 100. 
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was 12 fell wi^h a head of ld>0 scrooiis being used above the weir 
to equalise the velocity. Wluu'e a length approximating to 80 H is 
impossible, oho or more perforated diaphrjigms should be placed across 
the stream so as to sleady tlui motion as far as possible. 

(). Accurate^ det(U'minaiion of the bead H. To measure //, water 
should if possibbi be run off by an auxiliary ebanmd until exactly level 
with the notch sill. This bw(d m?lv be •tlejermined with great accuracy 
by {)bserving the roilectioii iit the surface in the imnuMliate neighbourhood 
of the sill, since the absence of any curvature of the surface at this point® 
indicab^d as it is by non-distortion of reflected olqects, shows that the 
cornset level has been obtained. This level may then be read off, either 
for rough woi k on a graduated staff fixed vcuTically in the bed of ‘the 
sir(*.aui some 6 or 7 feet above the weir, or on a hook gauge (Eig. 158), the 
])oint of which is adjusted until exactly in the surface*. 

A pi’(d('rahle nuThod consists in driving a stake Aito the bed of the 
str(\'im above the w(dr until its upper end is below tlu^ level of the sill. 
This carries a short V(irtical wire*, which may be filed down, until, as 
shown by straight edgi* and level, its point is exactly level with the sill. 
Th(^ water level may tluui be adjusted with gn^at accuracy until this 
point is exactly in the surface when this level may be read off on the 
hook gauge also adjusted until its point is in the surface. 

When the weir is discharging steadily^ the head can he deternuucu, 
either by direct reading of the graduated staff or by taking the reading 
on the hook gauge when its [K)int is again adjusted so as to be in the 
surface dare should he taken when using the graduated staff that 
allowance is mad(! for tlu; increa.so in height over the up-strtjam face of the 
sttiff, and the d(*.ci'('.as(^ ov(ir the down-stream face, due to the i)iling up of the 
water which occurs at a solid obstacle. V or accurate work, measurements 
of the h( 5 ad,tak(in in a flowdug stream are inadmissible, (^luite apart from 
th(! disturbance i)roduced by any immersed object in such a stream, the 
nature of its^low' which is seldom, if ever, perfectly steady, and the action 
of the wind, produci 3 oscillations of its surface which seriously affect the 
possibilities of even approximately accurate results. To reduce the effect 
of such oscillations and to avoid the disturbance caused by the presence 
of the gauge, observatic^is should be taken in a pit from 18 inches to 2 feet 
square, in communication with the main stream through a pipe one or two 
inches in diameter, opening cut flush with the bed of the ai^proach 
channel, and perpendicular to the direction of flow. This was the method 
adopted by Bazin, the pit being situated about 16*5 feet above the weir. 

By this means, using a hook uauL^e fitted with adiusting screw and 
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vernier, results accurate to r^'Lof an inch may be easily chtji-ined,' and with 
practice, the possible error may be reduced to about of an inch. Note 
should always be made of tlw effect of capillary action ki raising the 
ai)])arent heiglit of tlie surface at the hook. 

Where it is iifipossihle to stop How past the weir for this preliminary 
work, a vertical staff lixed near the weir face on its down-stream side may he 
graduated by straigljt edge and Jeveh'uO give heights above the sill in the 
neighbourhood of the surface. Thes(‘ heights maytlum be tiM-iisferred by 
^means of a straight-edge and level to tlu! measuring stall, or may be used to 
give the datum level to which to adjust the zero reading of the hook gauge. 

In selecting a formula tor use in any ])articiilai’ case, it should be 
remembered thiit tha,t of Francis gives accurate results for weirs with 
perfect bottom conti-actions and with heads above b inches. The formulae 
of Smith, Fteley and Stearns, and Ikziii are hettm' for very small heads, 
or where the bottom contraction is imperfect, this element hmding to 
decrease the discharge being included in the larger vtdocity-of-approach 
correction. Ihider such circumstances Bazin’s formula is pr()bab!\ most 
reliable. 

Although in (ixpert hands the method of measurement by weirs )vill 
give results which may he ndied ujxm as correct within about per 
cent., this degree of exactitude is not to he expected with any but the most 
“'nyiu'erul measurements and consideration of the special conditions of each 
case. 


Atit. ( 10 . — Time of Emp-i^ing a Vessee TiiuouGir a Lauok Oinrjei:. 

If the orifice be situated in the horizontal base of tlu^ v(isseJ, tlu! . 
formulae relating to the time of discharge are. tlui saim' as those, fora 
^mall orifice (p. exce])t that now the elf(;ct of the velocity of approach 
is to he taken into account. Thus if = are, a of n'ua rohlrarla a,nd A 
that of the vessel we have the velocity of (dllux corre.sponding to a head 
//, given by 


2 (1 11 


V = C., 


(I t 


( \ a, V 

.4 1 - 


1 - 


V 


ni%7i 


1 


0) 


J H 


a,. 
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And on inU‘gi\ili"g uu liiivo, ii I = time necessary to lower 

lie surface through the disianco II i — //2, 

C„ <1, J ‘-i ^ 

_ ‘2 J J -_»/ {ii} - II'} \ (3) 

vhore C = eoefficit'iiL of coiitracilon for the hrince. 

With an orific(^ in the veitical side of a vessel the effiud of the variatuhi 
)f velocity at ditleia'iit di^itlis in the orilice must be considered. 

'rhus ^Yith a lar,e,e nah. luj^ular oriii ‘e of de[>th d, thi^ rati' of dischaifie 
xt the instant wlu'ii the head of water above the upper ed-;e is II feet,jy 
jjiveu hy 

(^) = h ■ h J ‘i <; |^(// + d)- — il“J cubic feel per second 

= o'TO (' /' |^(G + d)'^ — //'J cubic feet per second, 

iind the velocity of fall of the surface ( - ''Jj) is therefore equal to 

(.) _ [”(// + d} — //“I feet per second. 

yl . I L 

Thus (■quation ( 1 ) aliove becomes 

„ ' 7 ' |^(// q. 

and on integrating this between the rwpiinul limits, the time occupied in 
loMcring tlie surface Ihrougli any required distance may be foumb 
Time of lowering the Level in a Reservoir through a Rectangular Notch. 
Willi the usual notation, lb.' volume .lischarged iier second with a head 
H behind the notch is given hy 

(j) = K h II cubic feet. 

.-.At this instant we have the velocity of tlio free surface in the reservoir 
civ(‘ii hy 

Integrating this, the time (f.i- secoudfl, to lower tho Iftvol through a 

distance Ih - Ho is given by 




iA 


1 


1 


A' /' >JV Hi 


bcconds. 
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Examples. 

(1) A loel;, 1,0!10 siiuaro feet area, ie filled through a submerged orifice 
8 feet long hy 2 feet deep, fho deiilh of watSr above the centre of this is 
initially 18 fe,(;f f)ii the outside and 7 hud on the inside. As.siuning a 
coefficient of discharge of -Cl, determine the time occupied in filling the 
lock if the outside level remains constant. 

AlUiwor. ‘23(J seconds. 

(2) Assuming the level on the lower side of the above lock to remain 
constant, determine the time of emptying the lock, the sluice being the 
same size as on the entry side. 

. ^ Answer. 23() seconds. 

(8) Using Erancis’ formula, determine the discljarge over a rectangular 
notcli 81) inches long, and with heads of 8, G, and 12 inches. 


(n) AViih no side contractions ] 




il>) ,, one ,, 






O') two ,, 


„ 1 






i 


lleufl. 




'.i illclle^. 

Cl iiiohf.s 1 

12 

Answer. 

1 

i'2r) c.f.s. 

8-58 c.f.s. 

10-0 c.f.s 




1 




h 

1-21 c.U 1 

8-17 c,f.s. * 

9'GG c.f.s 


1 

r 1 

1 

1-28 c.l 

'.S. ' 

8 41 c.f.s. 

9*88 c.f.G. 


(4) A submerged weii’, 10 fojit long, has a depth of wafer on the up- 
stream side of 17 inches, on tlie down-stream s^de of 9 inches. The 
velocity of a])proach = U9G feet per second. Assuming the head equiva- 

4 a 

lent to this velocity of approach to he given hy h = 1-4 -- , determine the 

* t ^!f 

discharge in cubic feet per minute. Assume c. = *592. 

Answer. 8,090 cubic feet per minute. 

(5) Show that in a triangular right-angled notch, discharging, from a 
tank of sectional area .4 square feet, the time of lowering the surface level ' 
from Hi feet to 77a feet above the vertex of the notch is given by 
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_ l-2i) A ( _L . 


M 

//i" 


seconds, 


nd taking C = *.'30d detenrline the time of lowering the surface level of 
, tank of 500 s^juare feet sectional area from a depth of 1*5 feet to 1*0 
Bet above the vertex of the notch. 


Answer, t — GO seconds. 

* # 

(G) Find the time requii’ed to em}>ty a swflnniing bath through a flat 


[rating in the bottom of the decip end. 

Depth of water at deep end = 6 feet. 

„ ,, shallow end = 3 f(‘.et. 

Length of bath — HO feet. 

Breadth — GO hud,. 


Area of grating — 2 square feet. Cotdlicient of discharge *05. 

Answer. 50G seconds. • 


(7) Two cylindrical tanks A (5 feet diameter) and B (10 feet diameter) 
ire connected by a short pipe 4 inches diameter with bell-mouth inlet. 
\t the beginning the level in A is 10 feet and in B is one foot above the 
jentre line of the pipe. In what time will the surface levels be the 
jaine ? 


Answer. IbH seconds. 
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Fluid Friction— Froudc’s Experiments -Disc Friction. 

Aut. 61.— Fluid Fiuction. 

Whrnrver a liquid flows over a solid surftice, or wlien a siibiuerged 
piano moves in the diroeiion of its length through ji litpiid, a rosistanct 
to motion is experienced. This is commonly termed fluid friction, and 
should not Ite confused with the wave-making resistance which is experi- 
enced owing to the formation of surftice waves, when a partially submerged 
body is in motioi,’. 

Though initially due to viscosity, the laws governing fluid friction are 
usually very different from those of simple visftous resistance, be<%'ins 0 ol 
the fact that except at extremely low speeds tlie motion of ilio fluid 
becomes unsteady, eddies are formed, and the enei’gy a.bsorb('d in fluid 
friction now chiefly consists of the energy of for]uati()n of these efldies. 
This energy is finally absorbed in overcoming the viscous resistance of 
twe fluid at points remote from the surface at which the eddies are 
generated. 

As previously indicated, the laws of fluid friction for a liquid for steady 
and unsteady motion are Widely diflenmt.. 

With Steady Motion Stream line Motion : — 

(1) The frictional n'sistance is directly proportional to the velocity. * 

(2) Is sensibly independent of the pressure in the fluid. 

(3) Is directly proportional to the area of the wetted surface if this is 
large, i.e., if the resistance is not sensibly affected by the acceleration of 
the fluid at the leading edges of the surface. 

(4) Is independent of the nature of the wetted surface.* 

(5) Is directly proportional to the viscosity of ftie fluid, and so varies 
greatly with temperature. 

These laws may be most easily verified by experiments on the flaw of 
water through capillary tubes. * 

With Unste&dy or Eddy Motion : — 

(1) The frictional resistance varies with a higher power of the velocity' 
than the first, and is usually approximately proportional to 

{2) Is independent (within wide limits) of the pressure in th^ fluid. 
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• 

(3) Where a submerged plane moves throng) i still water, the resistance 
3 not proportilnal to tlie area of the surface, but, per unit area of the 
urface, decreases as the length of the latter incriiases, and approaches a 
Dwer limiting value. In tRe case of Ilow through a pipe, the lengtli is 
isually such as to allow of this limiting constant value buing attained, so 
hat here the frictional resistance does become practically proportional to 
he area of the wetted surface. ^ 

(4) Varies with the nature of the wetted flurface. 

(5) Varies only slightly with temperature, but is proportional to«* 
iome power of the density of the fluid, usually slightly less than 
die first. It is usually assumed to be directly proportional to the 
lensity. 

Dy far tiui most important series of experiments to detemhire the 
resistance to the motion of submerged ])lanes, are those carried out in 187*2 
l)y Mr. l^'roudi', at Torquay. Ihux; a seiios of flat boards, having 
ililTereiilly pnqiared surfaces, were held vertically and suspended from a 
carriage wliicdi was driven at an uniform speed, and were thus towed 
endwise through the still water in a larg(5 basin. The carriage was fitted 
with a, dynainom(4(ir and automatically recorded the velocity and resist- 
ance of the hoard. These boards were inch wide, Ifl inches deep, and 
varied in length from 1 foot to 50 feet. The top edge was submerged to a 
dejitli of inches and the boards were fitted with a cut-water, . the 
resistance to this heing determined separately. In these experiments 
Mr. Froude determined that— 

(1) The resistance varies greath with the condition of the surface, the 
resistance for hoards 50 feet long at a velocity of 10 feet per second being 


with a coating of 
f Varnish or smooth paint 
is found on the bottom 
^ Tinfoil . 

I Fine sand . 


of such compositi 
of iron ships 


*250 lbs. per sq. ft. 
•24() 

•405 „ 


I Calico .... 

I Sand of medium ccflirscness 

(2) The resistance is projiortional to v”, where 

(a) depends on the surface, 

n . (5) decreases, up fo a certain limit, with an incre:i.se in length, 

(c) is sensibly imh'pendent of the velocity. 

(3) The total resistance increases with the length, though the resistance 
per square foot decreases as the length in ci eases. 

Writing : Resistance f S 


•470 

•488 
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nYDEAHLICS AND ITS APPLICATIONS 


Tlie fact t)uit tlio resistaiico per S((iiare foot over ilie aft pHi’t of the 
Burhv^o i'r less than eh a point nearer llie prow may he explained as 
follows. ' The hr.4 portion of the surface, in ])asHing through the water, 
experiences resisttince, end communicates motioji, in its own diniction, to 
the water. Tlie niccec' ling p)rtion of the surface is then in contact with 
a body ot water liaving a smaller relative vehxdty, and hence producing a 
smallei resistance })er unit area, while it W)uld ajipear tliat the V(docity 
of the accompanying curi'ent iiicreastis until at soimi point in the surface 
^ balance is ohtaimid laitwam the amount of energy given to the 



Lencjch in Feet 
^ Fig. .>2. 

accompanying stream per second, and the energy dissipated by eddy 
formation in the surrounding fluid and in jiroducing motion of a greater 
A^olume of this water against viscous resistances. After this point is 
reached, the velocity of tlie accompauyivg current and the resistance per 
square foot of surface remain approximately constant. It will be rioted 
that the ujfian resistance })er snuare foot of area diminishc": very slightly 
for lengths above 50 feet. 

A short rhiime of Mr. Fronde's results is given on p. 170, these parti- 
cular ex])eriments being carried out at a velocity of 10 feet per secondd 
Curves (Figs. 00 and Olj have been prepared from the results of these 
experiments, and show respectively the resistance with length at constant 
speed, and with sjieed for a given length, for a varnished or jiainted iron 
surfaca In Fig. 92 values ofy in the formula, llesistance = f S have 


* From ibe I’ritish Association Report, 1874. 
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been plotted from the experimental results for a painted iron surface for 
lengths up to^50 feet, and tlie curve thus ehtained has been produced to 
give approximate values for lengths up to^I330 feet. 

The results may thus l!e extended for application to the determination 
of the frictional resistance of vessels of great len^tk. For ships, the 
value of n may be taken as 1‘83, and the following table indicates results 
obtained by exterpolation from ttje above curve 


in feet. 


r,u 


ISO 


200 


300 


Valuers 


’With the unit of velocity = 
1 foot j)er sec. 


With the unit of velocity 
1 l;iu)t = 1*()0 foot per sec. . 


•00371 


•009(;B 


•00301 -00350 

i 


00941 *00929 


r00353 


•00922 


The following values of/ are given by J. Hamilton^: — 


Leiii^tli in feet. 

Iron bottom 
(painted). I 

(topper sheathing. 

Smooth. 

Rough. 

200 

■00944 

•00943 

i -01170 

300 

•00923 

•00930 

i *01152 

400 

•00910 

•00926 

1 -01140 

500 

•00904 

•00926 

•01136 


AiiT. 02.— Disc Friction. 

Th(! resistifnce to the rotation of a disc in water at high speeds is of 
importance in the design of ccmtrifugal pumps and turbines, the energy 
expended in overcoming such resistances amounting in the case of some 
high-speed pumps to as much as 15 per cent, of the total energy given 
to the shaft. 

Theory of Disc liesistance. 

Assuming the resistance of an elementary ring of mean radius r and of 
radial width ^r to be given by / . 2 tt hr , , where f is a coefficient of 

* “ Inst. Naval Archjtecta, ’ Maich, 1898. 
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f 


friction mikI v is the velocity of tlie element,^ then if w is the ‘angular 
velocity of the disc in radians per H('cond r = oir, and tlie i/oment of this 
resistance = li tt/ o/' r” ‘ ^ ^r. .Then the luomeiit of resistance of the two 
faces of a di.^c having a radius of J! feet 

_ 4 71 -,/ 

H 4 - '4 

^ Assuming the resistance of the edge of the disc to follow the same law, 
and tlierefore to he given by 2 tt b .J w" /i” ' where b is tlui hnaidth in feet, 
iho total moment of disc resistance, d/, will he given by 

, ilZ = 2 z / <ju” /i" ' ^ — p-- 4“ />! loot Ihs. 

Effective Radius. — AVriting the resisting monnmt as 


4 - *4 


. h\ " ^ foot Ihs., 


where Ri is the elTective radius of the disc, i.<\ the ladius of an inlinitfdy 
thin disc giving the same resistance, then 


R, ^ 4- 


(n + :i) h R ” ^ 


•• ^•'-'^•(1+ a;,- ) 


'‘ii + .y; 


if h is small com])ared w'ith4f R. 

l>r. IT: ('. Unwin lias carried out a series of experiments on discs 10, 
If) and 20 inches diameter rotating inside a casing whose side cleirance 
could be varie<l from 1*5 inches to (> inches.^ The maximum s])(‘.ed 
attained in thi'se experiments was about 470 revolutions per minute, 
^fore recent experiments by A. llyan and the author have extended these 
speeds up to 2,200 revolutions per minute on discs of 0 and 12 inches 
diameter.^ 

In the apparatus used in the latter exjieriments a horizontal, motor- 
driven shaft carries the disc to be tested. The shaft passes through 
easily lifting hushes in the sides of a casing surrounding the disc, as 
shown in Fig. 93. 


^ The frieliod pi'r s(|ua.ro foot at a veloeity v feet per Boconci is, from this definition. 
/’r»U)s. 

2 “ Pioe. liisl. C.K.," vol. SO, 1SS:», p. 221. 

* “'Proc. Inst, (j.E.," voL 170, 1009-10, pt. 1. 
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The easily is prevented from rotating, and its tondi^ncy to rotate, 
which is equal to the resistaiUK} to rotation of tin*, disc, is iiHjasured by 
weights a])p1ied to a Ini^iger on the one side, and l)y a light spring 
balance supporting the other side of the casing. A long, light 'pointer 
attached to the casing and work- 
ing over a graduated scale serves 
to magnify the readings of this 
balan(;e. The two parallel sides 
of the casing are provided with 
adjustable plates villi dilha-ent 
surfaces, and are sejia rated by a 
series of east-iron rings Id inches 
ill internal diameter, these form- 
ing the body and enabling the 
side clearance to he varhal at will 
from H hu-h to 'll inches. 

Bix pbiin discs in all were 
examined, these being either t) 
inches or VI inches in external 
diameter and about0*2inch thick. 

They were formed of jHilishexl 
brass, of rough cast-iron, and of 
rough cast-iron jiainted and 
varnished. The surface of the 
rough cast-iron discs was left as 
received from the foundry, except 
that all outstanding roughness 
was dressed otT. These would he 
considered excellent castings and 
had a comiiaratively smooth skin. 

After being ^used tli(\y received 
two coats of quick-dj^ing varnish- Fio. ta 

paint, a,nd were then used for the 

third series of experiments. Each disc is carried on a central boss 
IJ inches in diametc'r ^nd inch deep. 

The results throughout wore very consistent, and there is no reason to 
suspect an error of more than about 1 per cent, in those *of any vsories. 

Variation of Disc Resistance with Temperalnrc.— As it was ri^cognised 
that it would be imjiossible to carry out a aeries of experiments without 
Eomo variation in the moan temperature of the water, preliminary 
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experiments were made to determine how such a variatioji affected the 
resistance. 

A possible law of such variatidn may be deduced from purely theoretical 
considerations, the only assumptions made being that the resistance of 
each element of the rotating surface is proportional to the same power 
n of its velocity, and to some power of the viscosity fx, and of the density 
w of the fluid, both of which v^ry' with temperature.^ 
t On this assumption it may be shown that the resistance, other things 
being equal, is, as in the case of pipe flow, probably proportional to 
21 '*^ where n is that power of the velocity to which the resistance 
at constant temperature is projmrtional. 

For the purpose of determining the temperature variation three sets of 
experiments were carried out, using respectively a 12-inch brass disc in 
a niacbiiie-ironed casing, with IJ inch clearance ; the same disc in a 
rough cast-iron casing, with J inch clearance ; and a 12-inch disc with 
radial vanes J inch deep and with ^ inch side clearance, hi a painted 
and varnished casing. The values of n were detenu inod in each case 
from a second set of experiments carried out as nearly as possible at 
constant temperature, all the results being coirected to 65^’ F. by an 
application of the foregoing hypothetical formula. This involves the 
method of successive approximation for finding the true value of /?, but as 
the temperature corrections were small (never above about 2J per cent., and 
generally very much less) the first approximation, differing as it did from 
the true value by not more ^aii 1 per cent., was in general sufficiently 
accurate. In this way the following values were obtained : — 

Senes A. 

12-irich brass di.se in smooth cusiii},' iin-'h elcaranec, /i — 1’7S.) 

, Scries Th 

* 12-ineh „ „ „ rouf^h cast-iron rasing . . . » >» , I'SOO 

Senes C. ^ 

12-inch „ ,, with radial \ancs 9 ,, „ , — I’D-iO 

The results of the temperature-variation experiments, are then as 


follows , 

SnuiKS A.~ 1,400 revolutions jter minute. 


Temperature “ F. .1 So 

72 

74 

80 

! 

97, 1 

UlO 

) 

109 

118 

128 

140 

! 

Resisting moment 1 j i 

(foot lbs.) . .J 1 ' 

:p2o;i 

:pi!M 

;mi7 

;b0()2 

1 

2!I20 

2-894 

2-808 

2-701 

Patio to moment) j 
at F. . . ) 1 1 

II H77 

1 _ 

u-O.’iO 

0-9 lo 

1 

0 Slio 

! 

«i ss;; 

0 857) 

1 ^ 

0-S2.'» 


1 r»y the theorv of dimensions. The method is applied to pipe Ho A' on p. 1U8. 
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Seriks B,-- 1,175 revolutions per ininuie. 


Tempeiftture ° 

<J5 

• 

78 

9.S* 

101 

i!:> 

1 

. 

l.v.) 

1 

Moment (foot lbs.) 

2-480 

2:4!M 

2-211) 

2-2.*) 7 

.,v-. 

2-1 (C) 

2-010 

Uatio to inornciit at l).*)® K. 

1 00 

O'.Km 

• 

1 0-1)08 

1 . 

01)10 

0 877 

u-s.*>o 

0-810 


Skries C.- “1,050 revolutions per minute. • 


Teni])erature ° F. 

CO 

7(;*5 

100 

Moment (foot lbs.) 

c-ico 

(>•377 

i 1 

(;*2i5 

llatio to moment at (15 F. 

! I'oo:! 

O-DSt) 

o*i)(;3 j 



•i 



In {uldiiion in ili('S(‘, a number of exiHiriments by J)r. W. C. Unwin 
on }i (lisL*. liiiviii^^ II — UHo are available. Tliese arc? jis follows: - 


Tenipeniiure “ V. 


Ibisisiiinee . 


11 '‘2 

53*0 I 

0-121 r. 

0*1 Fit) 


7()‘l 


l)-l]12 


130*5 


0*1003 


For the sake of comparison the whole of the fore;;oiiie results have 
been plotted in Fi^j;. 01 against the curves representing the relationship, 

Piesistanw'- at P' F. = Uesihtance at 05 ’ F. X i • i ^ i 

for corresponding values of ii. From these it appijars that the theoretical 
curves lit the experimental results remarkably closely, (juite sufficiently 
closely indeetj^ to justify the adoption of this formula. 

To render the series more complete the theoretical curves for u = 1*0 
and It — 2*0 have also been added. 

The results sffi)W that the resistance diminishes with an increase in 
temperature, the amouyt of the variation with a given tomperature- 
difference increasing as the temperature diminishes and also as n 
diminishes. Its value in the neighbourhood of (>5° F. with a polished 
brass disc in — 1*8) is a, bout one third of 1 per cent, per degree Fahr. 
When II — Ft) this falls to oiuj-seventh of 1 per cent, per degree Fahr.,, 
and when il — *2*0 it hecuinus inappreciably small. 
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Experimental Results. 

Tlio main results of tlie ex^erinients are given in the tal)l8 opposite : 
III this the values of n were olitained from eurves representing logarithms 
of the resisting' moments in foot Ihs., plothul as ordinates against 
logarithms of tlie revolutions per minute. Speeds varying hetweeii 150 
and ‘2,200 revolutions per minute;* wero used for the deiermiiuitions. 

From these results it is apparent that in no ease* does n attain a value 



Temperature Degrees Fahr 

Fig. 1)4. — Vanation of Disc llc.sislaiicL* with Tumjicial uiv. 


so high as 2, its maximum vtilue, even with a rough eastdroii disc, being 
only Ptiir). A comjairison of these results with those of Jh. Unwin 
shows tlmt in every case the values of // obtained by the hitter experi- 
tnenter, at speeds between 07 and 850 revolutams per minute, tire higher 
than those obtained by the author rt these gretitisr s[)(!eds. The 
following table indictites the dilTerent values obtained with various 
discs ‘ 

Valuios ok wiTU Smooth Casing. 




I'.uiiUmI and i 

di-ic. 


j’oli.siiud bras-? disc. 

\anii>.hcig';ast-iroii 
disc. I 

Unwin, 10 inch . . j 

1-85 1 

1*1)1 


Author, 12 incli . . | 

1-7!) 1 

1*707 1 

1-808 

,, 0 inch . 

1-81! 

1*88 

1^5 
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From this woiikl appear that n is not a constant for all s 
LUmiiiishcs slightly as the speed increases. 
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but 


itK^ULT8 OF EXI'KKIMKNTB. 


(list' 12 inclit'S ! 
11 ) diaiiu'lc'i' 


Piitfi i) inolu-ftl 
<liiuiiet(T i 


I 

If' ( .ISt -1 Mill I 

ilisi* lU inclifi' I 

111 iliaiiictei 


Sido 

cloaiaiici- 


Iiu'Ikis. 

I i 


I ] 

Ditto 9 inclu||, 
diameter ) 

raiiited iitid var- | 
lushed e u s I - 
iron dise 12 
irieliosdi.'imeter 
l)tllo 9 iiielies I 
diameter j 


12-ineh brass disc’! 
with four radial ! 
vaiics on e.ioli * 
face, in painted 
casing 


Ifoiigh cast-iion 
easing 


Painted east-iron 
casing 


Smooth metal 
easing 


Painted casing 

Ihnigli east-iron 
easing 

I’ainted cast-iron 
easing 

liMiiLdi cast -iron 
casingwith two 
CO n c e n t 1 i e 
l)allh“? { inch 
deep on each 
side 

P. inted easing 

lionjcli east -iron 
I'asing 

Pal II led east-iion 

* easing 

J’ainted cfsing 


U 

1 h 

2A 

A 

H 

n 

i 

a 

H 


lii 

2i 

ft 

u 

1ft 


I 


\'nnes 1 ineh dee|i 
Vane" J inch deep 


u 


I H 
§ 

Clf'.'uaiu’r* 
lllM'I vaiH'"' 


• 

1 

Viilun 

Moiiifint ill 

FncliDii 111 lbs. 
jx r .square loot 
at. an (im rnqc 

Valno 

at. l/.nn 

hpred (»l 

>t “ n." 

ot ‘V-" 

K'M.hil mils 
[UT nmmtr 

11) fn't 
piT src. 

f.n ifi't 
jier sof. 

|•S(H) 

0-00109 

3 772 

0 200, 

1-72 

1 SOU 

0 00PJ2 

3 S90 

0 2».S 

4 -SO 

1 -sio 

oooll 1 

3 950 

0 ‘TiO 

4-9S 

l-sno 

0 00IB2 

BtlSl 

0 271 

4-99 

1-SOO 

0-00171 

l-BtM 

0 301 

5-40 

1-792 

o-ooBt;o 

3-119 

0 222 

3-92 

1-797 

0-00B59 

3-251 

0-22') 

4-07 

1 SI 9 

0 00B5i; 

3-390 

0-231 

4-27 

1 SOU 

0 OOB59 

3-30S 

0-22S 

4-14 

1 sir. 

0 ooBir. 

3-311 

0 227 

4-22 

1-SU9 

0-tl0B7B 

3-159 

0-239 

4-40 

i-7s:, 

0-00 IBS 

3-772 

0 207 

4-70 

1-772 

0-00 P21 

3-1 28 

0-251 

4-37 

1 •7()t; 

0-00171 

3-750 

0-27S 

4-78 

1-S30 

0-00B42 

0-9053 

0-232 

4-42 

1-912 

OOOBOO 

4-3S5 

0 217 

5-31 

i-9ir. 

O-OOBOl 

1-457 

0 250 

5-40 

1 912 

0-00297 

1-315 

0-214 

5-25 ' 

1-915 

0-00B02 

4-107 

0-251 

5-12 

1-79S 

0-00 128 

3-sst; 

II 270 

4-85 

1-S07 

(H)0'12i; 

4-t)lS 

0 273 

5-00 

1 SIB 

000121 

1-09S 

0-27S 

5-11 

1-SIB 

0 00 IK) 

4-018 

0-273 

5-02 

1-88B 

0-00BB7 

4-305 

0-201 

5-38 

I-88B 

0 00BB7 

4-305 

0-201 

5-38 

1-850 

0-00372 

1-099 

0-203 

5-15 

1 850 

0 00353 

3-959 

0-219 

4-90 

1 795 

0-00301 

! 3-232 

0-230 

4-05 

1-79S 

o-00B7‘l 

1 3-354 

0 23 1 

4-21 

l-SBO 

0-00340 

1 0-8995 

0-22 1 

4*20 

1 

1-910 

0-00903 

! 13-00 

0-730 

15-77 

1 910 

0 oiot;7 

i 15-35 

o-soi 

18-00 

1-950 

o-ooor.s 

1 11-22 

0 59 s 

13-74 

1-950 

0-00i;87 

! 11-50 

1 

0015 

14-14 
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Power absorbed in Disc Resistance. — Since the resiatin^ moment is 
given ^ Moot lbs., tlie work absorbed in overcoming this 

4 77 /* ^ * 

resistance is given by Ai” ^ foot \h<, per second 


The following table indicates the magnitude of the horse-power 
absorbed at 1,500 revolutions and at 2,000 revolutions per minute, in a 
few typical cases with a « inch side clearance 


1 1 OUSK- row K u A u B i: I ). 



Effect of Roughness in Surjpwe of Disc.— The table on ]). 187 siiows com- 
parative values of the resistance at 1,500 revolutions per minute as 
affected by disc roughness, the resistance of a polished bi’ass (li«c being 
taken as unity for each type of casing: 

^ From these results it appears that at this speed the resisoince of a 
polished brass find of a painted cast-iijm disc are practically identical. 
At still biglu'r speeds the resistance of the painted disc becomes propor- 
tionately greater than that of the polished disc if the interior of the 
casing is rough, and becomes proportionately less at .lower speeds. In a 
painted casing, however, the relative resistances are the same for all 
speeds. The relative resistances of a rough cast-iroii disc and of one 
made of polished brass depend largely ou the clearance, the 
roughness of the casing, and the speed. In a rough cast-iron casing at 
1.500 revolutions per ininute the resistance of a I’ough disc varies from 
about 1*12 times to l*0d times that of a polished disc, as the clearance 
varies from ^ inch to 2J inches, while in a smooth naiiitcd casing the 
ratio varit3s frem 1*1115 to 1*22. 
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It may be tajien that in a rou<»h cast-iron casing a rough cast-iron disc 
gives about 10 per cent, greater resistance at this speed than one which 
is polished, and that in a jointed casing this is increased to about 20 per 
cent, greater resistance. 

Owing, however, to the higher value of n in the case ot* a rough disc in 
a rough casing, its resistance increases more rapidly with an increase in 


COMPAHATIVU UlCSlSTANCES WITH VaUIOUS Di.sCS. 


— 

Tolishi'cl 

1>I.1SS 

illflC. 

I’amtKl and 
viiniislioii 
cast- iron disc. 

j Hniiljli 

j casi-imn 

disc. 

12-incli disf'l ^ iiioh clearatKH' 
in rou^lifljl „ „ 

ca s 1 - 1 run I 1 ^ „ ,, 

casing? . . ) „ 

(1-HH 

»=- r: 

( \ (Ml 

M dl7 

« = 1-sr, I 

fl-115 

« '■'»j!-(’.;!d 

1 1 025 

12-incli disc in'! i i 

pan.lod 

va I n isli cd f . ^ ” ” 

casing'. ^ ■’ ” 

f 1-00 

N - 1-8(1 I l-dd 
(l-Od 

(d-!)'i| 

/I 1-- i-str d !).ss 

(1-195 
>1 1-8(1 1-1 IS 

( 1-220 

O-iTicli disc in painO'd and var-'| 
iiislicd casing' vm(1i ^ inch , 
casing J 

1-Od 

// = 1-8:5 

l-dd(; 
ti -- 1 815 

1-222 
n = 1-85 


Speed than does that of a polished disc.. Tn a smooth ’ casing their 
relative resistances arc practically inde])endont of the speed. 

Effect of Roughness in the Surface of the Casing.— Tlie comparative 
results obtained with the three surfaces at 1,500 revolutions per minute 
are tabulated on p. 188, the resistance in a painted and varihshod casing 
being taken as unity for each ty})e of disc. 

From tlieso results it appears that with such clearances as are found in 
practice the effect of a roughness of the casing in increasing the resist- 
ance is as great as .that of the roughness of the disc in fact, a painted 
or polished disc in a rough casing gives, within about 2 per cent., the 
same resistance as' a rough disc in a painted casing. 4Mie relative effect 
of the roughness of ihe« casing is more pronounced with a smooth than 
with a rough disc. 

Effect of a Variation in the Clearance of the Casing, 'flie comparative 
results as affected l)y the side clearance het\ve(ni the disc and casing are 
given in the Table on p. 180, the ves’stMnce in eiich case being expressed 
a multiple of that obtained with the minimum clearance ad()])tod with 



188 


IIYDEAULICB AND ITS APPLICATIONS 

the particular (lisc; and casiiif; under consideration. The fpecd was 1,500 
revolutions per uiinuto throughout. 

From those results it a|)pears that in practicially every case the 
minimum resistance is obtained with the minimum clearance, and that 
relative increased resistance with an increase in side clearance is much 
more marked with a smooth than with a rough disc. AVith a rough 
cast-iron disc indeed, and withfcleai>.uccs from I inch to ‘2J inches, the 


Resistances 


. Tyji(‘ of fiisc and clearance. 


i' i i‘'iich cloaiaiuv 
JC-inrli ]i()lisliL*(l Ip” ” 
brass (lisf 

I .. .. 


12-jiicl» paiiit(.'(l and vnnii-hcd nN- 1 
iion disc with § incli clcaraiK'.r .) 


/ ft inch clcaiancc 
12 - inch rou;;h |li ,, „ 

cast-iion dibc . 1 1g „ ‘ „ 


WITH VaIUOUS HrUFACES. 



Ki'latno iii'sisl.ini fs 


Will) jiaiiill'il 

With 

Witli 

ami \hiiiisIk‘i1 

MiiottOi (iH’tal 

rjisOnoii 

casing. 

caMiiK. 



1 0(. 

1 21 

1*00 

l-(n; 

I 20 

l-OI) 

1 os 

i-i;{ 

l-(K) 

1-oi 

J'20 

1 00 

1-00 

1 l:r. 

1 110 


1 22 ‘ 

1-00 

1 

i-i;i 

1 00 

1 

111 

1 00 

' 

l-oi; 

1-00 

! - ! 

MI 


resistance appears to vary very little with th(‘ clearance, wii('.llier with a. 
rough or a smooth casing. One rather peculiai' feature of tlui results 
obtained with a smooth disc in a smooth casing, and to a smaller extent 
with the rougher discs and with the rougher easing, is vorthy of note. 
This is, that as the clearance is increased from J iiicli, the I'esi stance at 
first increases, then diminishes, attaining a minimum valyc with a clear- 
ance of about Ig inch, and afterwards appears to incr('a,se rapidly as the 
clearance is increased to 2 J inches. The following is olfei ed as a possible 
explanation of this plienoraenon 

In considering the simple theory of disc-resiiitance it is tacitly assuriied 
that the water dragged around with the disc travels in concentric paths, 
each particle remaining at a constant distance from the axis of the disc. 
In a closed ('using and with side clearances so small as to lead to a noii- 
sinuouH motion of the water this would ho the case ; tlui ind(;x n would he' 
unity, and the resistance would be due to simple viscjous shear of 
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3 Uccessivo layers of the fluid. Under such conditions the resistant ' 
would decreas the cleaninco was increased, until the Litter became s®^» 
large that sinuous motion was set iij). With any (diiaraiice large enough 
to satisfy practical rec p li ref n cuts, however, the motion is sinuous, and j 
disc-resistance is modififul by the fact that the water nearest the disc is 
thrown radially outwards by centrifugal force, so that a circulatory , 
current is set up, this })assiug raijially outwards along the face of the 


Comparative Resistances with varying Side Clearance. 


Side cleiuatK'e .... itiche.s 


i 

n 

1 ' ^ 

I 

12-inch brass disc in painted casiiif? . 

1 00 

1-04 

1-01) 

l-oc, 

i 

The same ni smooth moial caamj^ 

1-00 

I-O.-, 

, 11 1 

I o:i 

ilii 

The same in rough east-iron casing 

1-00 

i-o:$ 

1 

• 

l-or, 

l-OG 

i-it; 

12-incli painted and vaiiiished cast-iron disc 1 
in piiinlcd and varni'shcd casing . 

- 

! 

1-00 

1-01 


- 

12-incli rough cast-inin disc in painted andl 
vaniish('<i easing j 

- 

l-0<‘ 

]-o:t 

pot; 


'Ihc '■ame in rough easl-iron casing 

-■ 

1-00 

1 02 


1-02 

Tlio '»amc in rough casi-iion easing with two] 
concentric balHcs. J incli deep and inches j- 
and Id inches in duimcicr, on cacli suh* .} 


1-00 

1*00 

1 

“ 



disc and inwards over the sides of the casing. Duo to this current, 
energy is wasted, firstly from friction at the sides and outer periphery of 
the casing, and secondly, from tilie formation of eddies caused by the 
relative motion of tbc radial outward and inward currents. 

Considering •only the first of these causes, it would appear that 
the resistance should increase steadily with an increase in the side 
clearance and surface area of the casing ; but with a very small 
clearance it is probable that the circulatory current is only slightly 
apparent, and that as th8 clearance is increased its magnitude, and the 
loss of energy which it involves, will at first increase ratl\pr rapidly. A 
further increase in the clearance, by giving more room to the currents, 
diminishes their relative velocity at a point midway between the disc and 
the casing, and it is conceivable that there will be some definite clearance 
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which tlie reduction in the eddy loss due to this relative motion may 
j.ixactly counterbalance the loss due to an increased area the surface of 
the casing. As the clearancp is further increased the impact loss will 
diminish until the effect of surface faction M)ecomes the all-important 
factor in producing the resistance. 

To determine whether, by the use of concentric circular baffles ffxed to 
the casing, the circulating currents .paight be localised so as to reduce 
their effect, two series of expetiments were carried out with two such baffles 
in position on each side of the casing ; these baffles consisted of rings 
respectively 5 inches and 10 inches in diameter and projecting J inch. 
The clearance between the casing and the disc was | inch in one series 
Brnd 1 1 inch in the other. The results showed that while in the first case 
the resistance was unaltered by the baffles, in the second case it was 
reduced by about 2 per cent. 

Effect of Radial yanes on the Disc. — In turbines and centrifugal pumps 
having impellers of the open-vaned type, or having balancing discs fitted 
with shallow radial vanes, it has usually been assumed that the increased 
resistance over that obtaining with plain discs is negligible. To test this 
a brass disc, 12 inches in diameter, was provided with four radial vanes . 
on each face. Two series of experiments were carried out, one with vines 
\ inch deep, and the second with | inch vanes. * 

The results of these experiments, as compared with those carried out 
on plain discs, are givei\ below. 

The surprisingly high value of the resistance with these vanes is doubt ^ 
less due to loss of energy i^'eddy formation behind the trailing edges of 
the vanes. 


Effect of Radial Vanes. 

1 

Kelalive 

at 

rtivoliilions 
per iimniU*. 

Painted casing with 
} inch side clearance 

Painted ensinf? with 
g inch side clearance 

(Plain disc / . 

■j ,, Vanes J inch deep 

1 <1 M II * • • • • < 

I Plain di'ic 

„ Vanes | inch deep inch side clearance) . 

1 „ „ i „ „ . . ^ . 

1-00 

3- 60 

4*17 

1-00 

3’r>6 

4- 72i 


Effect of a Variation in Disc Diameter.— As indicated on p. 180, similaifc^ 
discs of different diameters and having clearances proportional to their 
radii, would have resistances proportional to the (ti -j- 8) power of these 
radii. 
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111 the following Table the results from a series of 0-inch discs ii; 
painted cast-i?()n casing with ^ inch side clearance, and running at 
revolutions per minute, are compared with those obtained from simih^ 

1*2 inch discs \Yith similai* (0*825 inch) siSe clearance, the latter resul^j 
being obtained by interpolation from those obtained experimentally witl , 
g inch and with 1 J inch clearance. As the same easing was used through-'^ 
out, the radial chuiraiice was not, however, similar in the two cases, being 
respectively ^ ine.h and 2 inches. * • 

The results show that the resistances in these experiments are propor® 
tional to the {n + x) power of the radii, where instead of being equal 


i^FFECT OF A VARIATION IN DiAMRTER. 



Diain, 

tut 10 oi 

rfli'ctnt* 

1 ouhi 

ValiH* of 

Moiin 

\alnf* 

()l " u." 

Moment 
at l,a(K) 
n‘\s 

jxT min. 

i 

/ UiainA 14 \ a 
\ latio/ 

• 

Mommit 

jutio. 

Ratio of 
the lust 
two 

columns. 


liich.N 




Koot-Uis. 




hrahs disc 

'J 

12 

1 :{j(; 

1 

I-71I7 

\ 81 15 


:V8!) 

3-GC 

1*063 

Painted 
cast -iron 
dl^c; 



!) 

V2 

i-:n7 

i 

\-m 

l-71)o 

1 812 

o-8iH)r> ! 

8 2fi:i 

3-77 

3*63 

1*040 

ciist iron 

11 

V:m7 

1 8:*() 

1-821 

1 ODD 

3-78 

3*64 

1*069 

dlhC 

1-J 


1-71KS 







to 8, has the values 2*782, 2*765 and 2*741 in the respective series. 
From the last column of the Table it appears that the resistance of the 
smaller disc is approximately 6 per cent, greater than would be the case 
if X were equal to 8, i.c., if the radial clearance were proportional to the 
radius, so tliat a given increase in radial clearance would appear to liave 
approximately the same elTect as a corresponding increase in side clearance. 

Results of Dr. Unwin’s Experiments.— For the sake of comparison the 
main results of thjese are given in the following Table. In them the speed 
varied between 66 and 850 revolutions per minute, and for the values 
here given the virtual radius of the disc was 0*8488 foot. 

From the Table it appears that although the differences betwG«m these 
values of **/” and “ n ” and those obtained by the author are in some 
cases large, the values of the friction per square foot as calculated for the 
two speeds in every case agree fairly closely. 
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^jiAverago values of f and w, which will be sufficiently near for all 

/ 

Eehulth of Dr. Unwin’s Experiments. 


Smooth metal easin,i» 

Casiiif; eoated with rough sand 

/ Paintecf and varnished east-iron disc in 
smooth iiielal casing . . . . 

Rough cast-iron disc iij smooth metal 
casing 

The same covered with fine sand in 
same casing 

The same covered with coarse sand 





Friction in llis. 




per siiufirc loot 
at a Me<( n 

Suh* 

ol 

ot 

velocity of 

clrauuu’<* 

r 






10 Feet 
pci’ sue. 

T)!) Fci‘t 
per sec. 

liiohfH. 

1 *2 

1-Hr, 

()-(l028G 

0-2018 

3-055 

’ :t 

1-8:. 

0 

0-2003 

4-100 

1 fi 

i-s:, 

0 itnagG 

0 ■22‘>0 

4-503 

3 

1 •ii:, 

0-002 71 

0-243G 

5-GUO 

3 

i‘H 

0-0()2.''U 

0-2200 

4-070 

G 

MU 

0-002r,!) 

0 2331 

5-2G() 

1 

2-(H) 

0-00213 

0-2120 

5-320 

2‘0() 

0-00227 

(i 2273 

5-G80 

1 G 

2 -no 

0 00243 

0-2432 

G-080 

1 

2-or) 

0-0030G 

0-339.f) 

O-IGO 


1 -ni 

0-00720 

0-r,874 

12-G0() 


MH 

0 00700 

0-G37G 

13-790 

1 6 

M)l 

0-008H7 

0-7153 

15-450 


Polished 
brass \ 
disc 


practical calculations, are given in the following Table. These values have 
been determined by a consideration of Dr. Unwin’s results at low speeds 
and the author’s at high sp|^s. 


Average Values of “/” and “n.” 




rolislicti hrasH 

I’aiiilcd .ind \aini.slied 

Uim},di casl.-iron 


M can 
velocity. 

disc. 

c.isl-iion diHc. 

disc 










/ 

n 

• / 

n 

/ 

n 



Feet jicr 
hceomi. 





• 

2-00 


( 10 

0-0031 

1-85 

0-0()2G 

1-04 , 

0-0023 

Smooth 

20 

0-0033 

1-81 

0-0029 

1-01 

0•0027 

1-9G 

< 30 

0-0035 

1-83 

0 0032 

1-S8 

()-()032 

1-91 

casing 

40 

0-0037 

1-82 

(»-0n:!5 

1 Kt 

■ 0-0037 

1-86 


( .50 

0-0030 

1-80 

0-0037 

1-80 

* 

0-(.K)42 

1-81 

Rough 

[» 10 

0-0029 

1*92 

0-0027 

1-97 

0-002G 

2-00 

20 

0-0033 

1-80 

O-OO20 

1-04 

0-0027 

1-98 

cast- 

{ 80 

0-0037 

1-8G 

0-0031 

I -01 

0-0028 

I-9G 

iron 

40 

0-0041 

1-83 ' 

0-0033 

1-88 

0-0029 

1-93 

casing 

( 50 

0-0014 

1-80 

0-0035 

1-85 

0-0030 

i-91 

\ 
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One or two joints which have been brought out by the foregoing 
Bstigation would appear to deserve special note in connection with th 
Bsign of pumps and turbines. • 

All clearances, side and radial, should be cut down to the absolute^) 
nnimum compatible with freely-running surfaces. That this point 
eeds emphasizing will be evident from a consideration of Fig. 306, 
hich is taken from examples of moder’^ high-speed pumps by makers 
[ repute. The manner in which the disc resistance might be reduced 
ithout any accompanying drawback is indicated by dotted lines. 

The internal surfaces of all casings should be finished off as smoothly 
3 possible and should be coated with a hard varnish paint or enamel, 
'he same applies to the surfaces of the discs. It would ai)pear, further, 
fiat very little is to be gained by machining and polishing a smooth -cast 
iirface as compared with simply painting and varnishing it. 
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Pipe flow — Expoiimrntal Formulae — I )a.ey — Tlapen — D’Aubuisson Ibony - Kylelwein— 

Wcishach — K utter — Katioiial formula for pipe flow— ileyiiolds— Fnwiii — liawton— 
Thrupp— Tutton- Values of / and f'for various pipes — Fire hose Kesistaneo with oil— 
Sland— Mean velocity — Distribution of velocity— Measurement of discharge— Pitot tube 
— Kelalion of jupe diameter to volume discharged — Gradual and sudden 8top])age of 
motion in an uniform pijic— Water hammer. 


Art. 68.— Pjpk Flow. 

One very important effect of fluid friction is experienced in the resist- 
ance to the flow of® water through a pipe. Tliis resistance can only be 
overcome by a gradual fall of pressure in the liquid, in the direction of 
motion, and, reasoning from analogy to the resistance experienced by a 
plane surface moving through water, it might be inferred that, with 
sinuous motion, the total resistance U would equal,/ S 

I f depends chiefly on the surface' of the pipe and to a smaller 

where • 


i: 


extent on viscosity. 

S = area of wetted surface. 

n depends on tfhe pipe surface, and is approximately equal to 2. 
Putting A = sectional ar^a of pipe in square foot. 

P = length of perimeter of pipe. 

„ Pi — p 2 = fail in pressure in lbs. per square foot over a length 
I feet of pipe. 

This becomes 

{pi—V2)A = fPPF' 


flere^ = 


••• = ( 1 ) 

is termed the hydraulic mean depth* and is 


area 

perimeter 

commonly denoted by m, so that (1) may be written 

flv^ 

Pi -jP2=‘ 


In the case of a circular pipe m : 


m 

TT 9’^ r d lu I -t • 

= = -T , so that, if 1 

2 TT r 2 4 


( 2 ) 


in 


> ^ If the mass of water in the pipe be' imagined as distributed over a horizoiKal surface ©If.,, 
the same area as the walls of the pipe, its depth will then be the same as the hydraulic mean 
4epth for the pipe. 
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Uf\JL\JiI.VX\JJLX 


Pi — j92 as a difference h of liead in feet of water, 

equation (2} becomes 


/? = 


( 3 ) 


flv^ _fli 
62‘4 m ~~ d 

The analogy between the two cases is, however, not exact, in that, 
while with a solid moving through a large body of water any 
disturbance sot up at the surface ftiay Ire propagated over any unknown ' 
distance, heconiing less marked as the distance from the solid increase^ 
and finally dying out altogether, any such disturbance in a pipe has a 
strictly limited range of extension, but is in general communicated to the 
whole mass of water in motion. 

Where the motion througli ihe pipe is every where steady, it is entirely 
governed by the law of simple viscous resistance and the conditions are 
accurately stated by the formulae of p. bO. Thus Poiseiiille (1845), 
experimenting on tubes of very line bore (between ‘02 }fnd *10 millimetres), 
found the resistance to motion to be directly proportional to the velocity, 
and to the pipe length, and inversely to the square of the diameter, and 
deduced the law (see p. 69) : — 

loss of pressure = - . 

Many experimental researches h.ive been carried out from time to 
time to determine the law of resistance witli sinuous or unsteady motion, 
and it is now j>roposed to consider the results of these somewhat in 
detail. 

rrobably the most complete series of experiments is that of Darcy, 
who in 1857, experimenting on cast-iron jupes having diameters ranging 
from *5 inch to 20 inches, and lengths of 110 yards, concluded that the 
resistance is proportional to the length and to the square of the velocity 
and is inversely proportional to the diameter. Thus expressed, the law 
becomes 

“ c^d 

c being a constant for any one type of surface. 

It was found, however, that this formula was not strictly applicable to 
all diameters of pipe, s^nce, as d increases, the resistance diminishes 
according to a slightly higher power of d than the first I^arcy founu . 
that, within the range of his experiments, ke(^ping c a constant, th' 

d 

exponential value of d might be replaced by 


1 + 


1 

12 d 


, and f 
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obtained the law 



1 + 


J-1 

12 d 


( 4 )- 


I where d = diameter of pipe in feet. 

< „ V =z velocity in feet per second. 

( „ /i =r head loss expressed intieet of water. 

^ Assuming, with Darcy, that the loss is proportional to the kinetic 
energy of the stream, and replacing d by its value 4 ?a, the above 
becomes 


■ . '*=/(' +15', I 

^ where/ = in which form the ecpiation is often stated. 

Darcy’s experiments, carried out on C. 1. pipes, gave, in round numbers, 
the following values of the coefficient/. 

(For clean and bare metal surfaces . . . / = '005. 

(For old and incrusted / = *010. 

Hagen (1854) deduced from experiments by Bossut, Couplet, fend 
Dubuat the formula — 


h 




( 6 ) 


but did not discover any ^w of variation of these indices or of the 
coefficient/, with the surface or diameter of the pipe. Most of the other 
formulae deduced by the earlier experimentalists are merely modifications 
of the formula— 

'^gpi 

or,, to put it in the form adopted by Be Ghezy— 

» = C V ‘ (7) 

V 

The more important of these are stated below, and for ease of compari- ' 
son have been reduced, where possible, to one of these forms. Where the 
original formula did not contain the factor 2 g, in introducing this ‘^he- 
value 64*4 has been adopted, and other numerical factors altered 
correspondingly. Dimensions throughout are in feet. 

Thus, D'Auhumon, Prony^ and Eytelwein assumed that the resistance 
motion is composed of two parts, one due to simple frictional resist*^ 
ce at the boundaries and proportional to the velocity, iind the secohd 
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3ue to eddy production and proportional to v^. The constants a and h in 
the formula - 

/t ^ { Z; V 4- a } (^) 

‘2 (f ni ^ ' 

where/ = a + > were then determined on this assumption. 

These values were as follows • o ^ 



a. 

h. 

D’Aubuisson 

•00G70 

*00121 

Prony . 

•00G84 

*00112 

Kytelwein . 

*00549 

*00144 


Weinhacli, on the other hand, assuming the first part of the resistance 
})roportional to r^, obtained the formula- 

>f\r\ loo 

( 9 ) 


h - I ^ , wli(!i-e / = -00300 + 

2 (j ///’ V V 


Adopting th(} sanui formula, 


,, l^azin put / = *00294 ^ 1 + while 


Kntter and Uunguillct put 

/=04-4 J 

( 



41*6 + 


•00281 I 



Ihll 

“AT 


+ 41*6 + 


*0028 U 

h 


( 10 ) 


where N is a coefficient dejiending on the roughness of the pipe surface 
and varying from *010 to *019, its value for clean cast-iron or asphalted 
pipes being *013, for new riveted pipes *014, and for old pipes *019. 

These formulae, excei)ting that of Kntter, neglecting as they do any 
variation in ifjsistance produced by a variation in the physical condi- 
tion of the pipe surface, are obviously only of value where the experi- 
mental conditions can be reproduced. Moreover the fundamental 
assumption in the formulae of D’Aubuisson, Prony, and Fjytelwein, as to 
the resistance dopending*on two powers of the velocity, has been clearly 
demonstrated to be unsound by Reynolds. This sincQ in every case 
where the logarithms of the resistances and velocities have been plotted 
these are found to lie on accurately straight lines (p. 53).^ 


1 True at all events for the lange of velocities common in practice. See also Saph and 
Schoder, “ Trans. Am. Soc. C.E.,” Vol. 51, pJ03. 
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Knttei ’8 formula, introducing as it does a roughness coefft.jient N, has a 
much ^vider range of application, and gives much more consistent results 
than those previously mentioned, from Hagen te Weisbach. This formula 
however, assumes the resistance to be always proportional to v**, whereas 
experiment indicates that for smooth surfaces the power of the velocity is 
always less than the second, and we are led to the conclusion that none 
of these formulae, while giving good results within their own particular 
cange of ai)plication, can be looked upon as representing the general state 
of affairs in pipe flow. 


Aut 64. 

A lAtional law of resistance to pipe flow, applicable to either steady or 
unsteady motion, was first evolved by Professor Osborne Reynolds. This 
is deduced on the assumptions that the resistance to flow along any small 
element of the pipe depends on the diameter, length, and surface condi- 
tion of the element ; on the viscosity and density of the fluid ; and on the 
mean velocity of flow through the element ; and also that it depends on 
some power of each of these factors. 

This being so we may write 

Sj) = /c . d® . . p® . . (SZ)“, (1) 

where hp = pressure difference in lbs. per square foot at two points U ft. 
apart along the pipe. 

,, d = pipe diameter in feet. 

„ p = coefficient of Viscosity of the fluid under the temperature 
'' conditions obtaining in the pipe. 

„ = length of element of pipe in feet. 

; „ f) density of the fluid. 

„ V = mean velocity of flow in this element in feet per second. 

„ = is a numerical coefficient. . 

'Although the expression contains no term directly marking the effect 
of the roughness of tlie pipe surface, this effect is included in the terms 
fi® and v^. This will be seen if it be granted that the effect of the rough- 
ness in increasing the resistance to flow is due to loss of available energy 
in eddy production, the eddies being formed by the sudden deflexion of 
particles of fluid in close proximity to the walls! 

The mass of fluid thus affected will be greater as the roughness 
'increases and as the velocity of flow increases, and will alsp depend 
directly on its density, while the loss of energy per unit mass will depend 
on* the velocity. It follows that the effect of a variation in the^oughnesf^ 
will be felt in the factors involving both p and and that the values of 
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the indices ^^^and n of these expressions as determined for equation (1) 
will implicitly involve the effect of the roughness. 

If [MJ, [L],iiiid |Tj bo the fuiidamevital units of mass, length, and 
time, (1) may be expressetl dimensionally as 



K]'- [;■]•■ w- 


and since experiment shows tliat^the Resistance to flow is, other things^ 
being equal, directly proportional to the length, a = 1. 

Inserting this value the equation becomes 

[M] . . [L]-*-- V-3s + n + l ^ (V + n)^ 

hh^uating indices of like (luantities we get 


— '1 - = — 2 — w ; y + z=l; ?y = 2 — n 
from which wo have 


( X — n — ^ 

' y =2— n 

1 

The formula then Ixicomes 

h p = y h p = K . p (2)i 

If i rci)rosents the loss of head in units of length of a water column 

per unit length of j)ipe, so that i = i is called the hydraulic gradient 

of the pipe, and gives the slope at which this would need to be laid in 


.1 


* A similar rational Juw may bo clodnood for the ilow of compressible fluids by writing 
f('V p in equation (1). Hero r is tbo absolute temperature of the f];as, while c is the 
Constant obtained from the relationship p V - c t . We tlien got 
l 4,2 - >l f” ;/ \ ^ A wM-i . tV/l 

An examiimtion, by the author, of the residls of experiments on the flow of air through 
pipes, by s(‘V('ral oxpminieiiters, and T)ith diameters ranging from ‘HJo in. to -98 feet— 
volocilics from l(t (o 10 feet per second, confirms Hie assumptions made in deducing this 
formula (“ rhil.|^Iag.,” Marcli, HtOD). From those experiments the following values of n hav^ 
been deduced : — 


Small lead pipe, 

•125 in. in diameter 

... 1-28 

Lead pipe, 

2-16 ins. „ 

... 1-77 

f»'J> « « 

... 1-81 

Cast-iron pipe • 

7-87 „ „ 

... 1-78 

1 

' n-8 , „ 

... 1-77 


while A = 125 X 10 : 7/ = (1 GO. ; if 5 ju is measured in lbs. ‘per sq* ins. 

Below the t\ V. 7 i 1, and the formula becomes Ip = indicating that the pressure 

drop is now independent of the absolute pressure in the pipe— a result verified by th“ 
experiments. 
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order to give the required flow without any external hea^. Evidently i 
is independent of the units used, and the formula may now be written 

where P is proportional to and has the value 

“ i“+ 'OssJBs’f + -ooo^'iiT^’ 

^and A and 7^ are constants. 

The values of these constants have been determined and 

if the units are feet and degrees centigrade |p Z ^ 

„ „ „ metres and degrees centigrade ~ J ^ 

The formula is found to hold, with fair accuracy, for all velocities above 
or below the critica'l points by a suitable substitution for n, 

Reynolds gives the following mean values of n for velocities above the 
critical, those for cast iron being deduced from Darcy’s results 

n. 

Lead pipe 1'79. 

Varnished pipe 1’82. 

Glass pipe 1‘79. 

New cast iron ^ 1*88. 

Old incrusted C. 1 2’00. 

Below the G. V., n = 1 ^ all surfaces, and the formula becomes 


h = 


B IHv 
A * <fi 


f Poiseuille’s formula h = being expressed 

in centimetres of water and the units in the C. G. S. system, becomes, 

278 V P 

oif transforming to the metre as the unit of length, h = 

V ]H 

= 6*88 X 10 ■ ® . This is identical with the Eeynolds formula on 

substitution for the constants A and 7i. • 

If w = 2, the term containing P and involving the temperature 
becomes unity, and therefore for old and incrusted pipes the resistance is ^ 
independent of 'the temperature, and the formula becomes 


at 

= •000709 


I feet of water. 
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Comparing this with the simplified form of Darcy’s formula 

7 ^ 

^ ^ 2 (f in y d 

4 f 

we have coincidence if *000700 ==r 

64*4 

i.c., if /= *0114, 

which is the value given by Dancy’s J'ormiila for rough pipes 7J inchea< 
diameter. 

It will he noted that in the general formula, the sum of the indices fi 
d and v is always 3. ^ 

Variation of Resistance with Temperature. 

From the form of equation (8), it appears that if n is less tha^ 2,* the 
resistance depends on the temperature, and varies as 7^^*”. Experi- 
ments by the Author on the resistance of rotating discs (p. 181) indicate 
the accuracy of this deduction, and this is substaiitially confirmed by 
experiments by Mr. Mail* * on a brass pipe, 1 J inches diameter {n = 1*79). 
The relative resistances as experimentally obtained and as calculated are 
as follow : 


Temperature Fahrenheit ® 


66° 

90° 

1 

160° 

Relative resistances. 

(experimental 

1 calculated 

1*00 
1*00 1 

•87 

•90 

•74 

•77 


4 


For values of n in the neighbourhood of 2 the effect of temperature 
variation is very small. When n = 1*8, the resistance alters about one- 
third of one per cent, per degree Fahrenheit, while when n = 1*9 the 
change is one-seventh of one pear cent, per degree Fahrenheit. 

It is worth noting in passing, that while with sinuous motion the 
difference b^wecn the discharge at 5^ and 35*^ centigrade is negligible, 
below the C. V. the discharge at 5° centigrade is only one-half that at 
35® centigrade under the same head. 

Other Exponential Formulae.— On applying the Reynolds formula in its 
original form to the reiflilts of other experiments, it is found to be some- 
what lacking in adaptability, while experience tends to show that in the 
particular case where n = 2 the resistance does not, as indicated, vary 
inversely as the first, but as a slightly higher power of tho diameter. 


^ ** Proc. Inst. vol. 84, 1886, p. 424. 
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Professor Unwin, neglecting the small effect of temperature change at 
velocities above the critical, wrote this formula n* the form 



and deduced values for/, n, and x, from the results of exjieriments made 
by many different observers, and on pipes ranging in diameter from 
2 inches to 43 inches.^ He found that x is always greater than unity^ 
increasing with the diameter between the limits 1*127 and 1*890. 

* The following are Unwin’s mean values for/, n, and x. 


Suiface. 

Size of pipes examined. 

/ (in foot 
uiiil.s). 


n 

Wrought iron . 

12 ins. diam. 

10 ins. to 48 ins. 

*000851 

1*210 

1*75 

Asphalted pipe? . 

•000895 

1*127 

1*85 

Riveted wrought) 

10 „ to 26 „ 

•000405 

1*890 

1*87 

iron . . 1 




New cast iron . 

8 „ to 20 „ 

•000834 

1*168 

1*95 

Cleaired cast iron 

8 „ to 12 „ 

*000878 

1*168 

2*00 

Incrusted cast iron 

2 „ to 9 „ 

•000685 

1*160 

2*00 


G, M. Lawfonl,^ comparing the latter formula with many recorded 
observations of more recent date, states that by writing the formula in 
the form 

/ *0254 

and by giving k the following values, the necessity for altering the value 
of X with increasing diameter is obviated, while the formula gives good 
results for asphalted pipes of all diameters from 8 indies to 48 inches. 


Diameter of pipe. 

k. 

8 ins. 

2*081 

6 „ 

1*486 

9 

1*220 

12 

1*062 

15 „ 

. -964 


Diameter of pipe 

It. 

18 ins. 

•904 

21 „ 

•880 

24 „ 

•858 

27 „ 

•889 

30 „ 

•823 


Diameter of^-oipe 

h 

88 ins. 

•806 

86‘ „ 

*797 

39 „ 

•778 

42' „ 

*765 

45 „ 

•754 

48 „ 

-744 


* “Industries,” 1880, vol. 1, p. 51 und 

* “ Proceedings Inst. Civil Engineers,” vol. 163, p. 297. 
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A further ipodification of the Reynolds formula, proposed by Thmpp,^ 
is given by 


It t: - where in = -. 

tn 4 


The following are values of C, x, and n for pipes of various materials, 


Surface. 

• • 

n. 

* a 

.r. 

Lead .... 

1*75 

*00522 

1*085 

Smooth wrought iron. 

1*80 

*00479 

1*170 

Riveted „ „ . 

1*825 

*00507 

1*235 

New cast iron . 

1*850 

*00535 

1*240 

»» )> >> • 

200 

*00075 

1*200 


and for pipes of between 2 and 15 inches diiimoter the formula gives 
good results. For wrought iron pipes of less than 2 inches diameter a 
correction should be applied by writing 

X a — 1 for Xy where a = *0324 ; h = *07. 

111 

Tutton, adopting the Thrupp formula, as a result of an examination of 
approximately 1,000 experiments l)y various observers obtained the 
following mean values for w, C, and x. 


Surface. 

Diameters (feet). 

n. 

a 1 

X. 

Wood. 

1*05 to 0*00 

1*90 

•00775 

1*295 

New W. I.. , . 

Asphalted pipes 

•40 to 4-00 
•40 to 4-00 

1*82 

1*82 

•007^2 to -00532 
•00787 to -OOUOS 

1-129 

1-1‘29 

New C. I. aiuf cement- ] 
coated pipes . .J 

•27 to 2*00 

1-!IC 

•007!)3 to -00030 

1*295 

Old C. 1. pipes. 
Lightly tubercu- b 
lated . . . ( 

Heavily tubercu- j 
lated . . . ' 

1 

•08 to 4-00 

1 eof) 

1 1-!)C 

•0115 to -00757 

•0322 to *0125 

1*295 

1-295 


^ Society of Engineers, 18S7. 



204 HYDRAULICS AND ITS APPLICATIONS 

For the sake of comparison, the values of /, x, and «, jn the formula 

f I 

h = as obtained by Un\\iii, Tbnipj), and Tutton are given in the 
following table. 


Values of/, sr , and « in Foraittla h 


• 



r. 



n. 



/ X lOfi. 


Material of Pipe. 


Tlnu]!]). 

Tutton. 

IJllWlll. 

'llinipp 

Tutton. 

Unwin. 

Tlirujip. 

Tutton. 

Unwin. 

Lead . 

« 


1 085 


-- 

17,-. 



! 175 

1 

- 

- 

% 

Wood 


-- 

1-205 

- 


iJMi 


i 

489 

- 

Asphalted pipes 


« 

1-120 

1-127 


1 82 

1-85 


110 

tu 

700 

.8!I5 

Plain wroutiht iron . • 


M70 

1-129 

1-210 

1-80 

182 

1-75 

Ml 

Ol- 

io 

OOO 

851 

♦ 












Eivf'ted wrought iron 


— 

l-thlO 

1-825 


1-87 

1 415 

... 

405 

New cast iron 


1-240 

1-200 

'1-295 

1-108 , 

1- 85 

2- 00 

i 

1-90 

1-95 

I 851 
! 201 

300 

1 

■158 

384 












Cleaned cagt iron 

- 

- 

1-108 

- 



2 00 

r'i“ 

' 

- 

378 

Old lightly tuher- 
^ cnlatf'd caAt iron 

. 

- 

1-295 

... . 

I-IGO 


190 

1 

2 00 

- 

420 

t,o 

945 

085 

Old heavdy tuber- 
culated cast iron 


- 

1 

1-295 

1 

1 

1 

f 

1-90 

- 

i 

' 1 

r 

1 

1120 

to 

7250 

- 


While these exponential formulae are more complirtited than the old 
formula of the l)e Chczy type, the increased acicuracy rendered possible i 
by their use more than counterbalances any inconvenfence in handling,.' 
With the exception of the Kutter formula, which is exceedingly cumbrous , 
tb handle without the aid of specially prepared tables, this inconvenience 
is indeed more apparent than real since the formulae are in a f<p-m suit- ' 
able for logarithmic or slide-rule calculation. 
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In many ca§es, however, it is convenient to be able to express resist- 
ance to flow in the forms 

/ 7 .,2 • 

’ h , or r = C J m [ 

and to enable this to be done without sacrificing accuracy, the values of 
f and of G have been calculated from the iiiean results of the exponential 
formulae of Unwin, Tutton, and Thruif[), ^bowing, within the range of 
velocities common in practice, their variation with and with the pipe^ 
diameter, in pipes of dillerent types. 

These values, given in the following tables, may be relied upon to give 
reasonably accurate results with pipes well laid and jointed. The internal 
fouling of a pipe duo to corrosion and tuberculation, by increasif?g the 
roughness of its walls and by reducing its effective area, will generally 
reduce the effective value of / considernbly after a few years’ use, and 
allowance should be made for this in computing the diameter necessary 
to maintain a given discharge. 

With a small iron pipe under unfavourable circumstances, tuberculation 
may cause/ to attain ten times its original value within as many years’ 
use. In wooden pipe-^, on the other hand, no corrosion takes place, and 
/ is usually slightly It'.ss for an old than for a new pipe. 

Experiments carried out by Ilerschell, on riveted pipes consisting 
of alternate large and small rings, with projecting rivet heads, and 
which were coated with asphaltum, gave values of / in the formula 
f I 

Ji z=z — , for a 3;^ feet diameter pipe, ranging from *00076 with a 
2 r/ nr “ x x n o 

velocity of 1 foot per second, to *0055 with a velocity of 0 feet per second. 

With a similar 4-feet pipe, / varied from *00675 to *0050 with the same 

range of velocities. 

After four years’ use, the lattejpipe gave values of / ranging from *0085 
to *0065 with the same range of velocities. 

Experimenl#^ on a bare riveted pipe with butt joints and 6 feet in 
diameter, when new gave / = *0052 for all velocities from 1 to 4 feet per 
second. After two years’ use the values of / were found to range from 
*0189 at *5 feet pel: second to ’00975 at 1 foot per second, and *00618 at 
4 feet per second. 

J. Duane, as a result of experiments on a new 48-inch riveted main of 
length 6,992 feet, obtained a value of/ = *00358 in the same formula 
with a velocity of 2*28 feet per second. After seven years, considerable 


» “ TranBactioiiB American Society Civil Engineers,” 1898 and 1900, 
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tuberculation was found to have taken place on the interior, surface of the 
pipe, and a second series of experiments Kave/= -00698. 


7 ‘2 

Mean Values of / and C, in Fokmulae h = i ' and v ■■ 

2 if m 


C >J m, i 


Velocity, 
feet i)cr becond. 


Lkai). (From Thiyipp’s Exponential l^'ormnla.) 
I Din meter (iiiclics) 


1. 

2. 

3. 

4. 

•00793 

•00717 

•00721 

-00705 

90 

93 

91-5 

95-5 

•oor.oo 

-000-22 

•ooooo 

•00580 

!)9 

101-5 

103 5 

105 

•00003 

•00508 

•005 19 

•00535 

103-5 

]0(;-5 

108-5 

109-1) 

•00.503 

•00530 

•00512 

1 

•0J5O0 

107 

no 

112 

113-5 

•OOpHO 

•00500 

•00482 

•00471 

110 

113-5 

no 

117 


Velocity, 
feet per second. 


Wood. (From Tutton’s Kcvsults.) 

Dianictor (inches). 


2 i -OOnOO -OO-liX) 


( /* -00817 -00007 -00690 


•00.613 -00483 

J09 116 


g < M •oor);v 


105-5 109-5 


( / -00797 -00050 -00575 | -00530 *00470 
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AtjPHALTED Pipe. (From Exponential Formulae of Tutton and Unwin.) 







"r 



- 

Velocity, 



Diiiinotor (inches). 



foot per Hecoiul. 


1 

1 







«>. 

I 9. 


18. 

24. 

3f.. 

48. 

2 1 

f 

■uoc.w 

•oo()2:{ 

<,•0000^ 

io:i-5 

•00570 

•00550 

•00.521 

•00503 

1 

*' 

111) 

102 

• 107 

los 

111 

113*5 

4 i 

f 

•00585 

•00.555 

•005H5 

•00507 

•001 80 

•00108 

•00447 


c 

105 

108 

100-5 

112-5 

115 

117 

120 

I 

J 

•005.50 

•00.520 

•00.502 

•00170 

•001.50 

•0013.5 

^*otr42o 


108 

111-5 

li;h5 

110-5 

118-5 

121-5 

124 

i 

./■ 

•00.521 

•00105 

i 

•00177 

•(M)153 

•OO130 

•00415 

•00300 

1 

r 

111-5 

IM 

no 

119-5 

l?I-5 

124-5 1 

127-6 

! 

f 

•00.50t> 

•004 SO 

•00103 

•00430 

•00423 

•00101 

•00387 


in 

lie. 

118 

121 

123-5 

127 

i 

120 


Paek Wrought Iron. (From Exponential Formulae of Thrupp, Tutton and Unwin.) 


Velocity, 

Diamckr (inches). 

scct'iid. 

8 

6 


24 

86 

48 

60 

2 ! 

/ 

•0()()12 

102-5 

•00543 

100 

•00482 

no 

•00127 

123-5 

•00400 

127-5 

•00380 

130 

■00367 

1.32 

^ 1 

/ 

(' 

•%I530 

no 

•00471 

117 

•00417 

124 

•00370 

131-5 

•00347 

1365 

■00329 
140 5 

•00319 

142 


f 

(' 

■00487, 

115-5 

00134 

122 

• 

•00.384 
129 5 

•00341 

137 

•00319 

142 

•00303 

146 

•00292 

148-6 

1 

r 

■004.50 

no 

•00408 

12.5-5 

1 

•00361 

132 

1 -00321 
141-5 

•00300 

147 

•00285 
- 151 1 

i -00275 
1B3B 

10 { 

f 

c 

•00437 

1216 

■00388 

129 

•00344 

137 

B 

•00306 

U5 

•00285 

151 

•00272 

154 

•00262 

167 
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ItiVKTKD Wrought Iron or Steel Pipes. (From Thrupp and Unwin.) 




Velocity, 

Diameter (itichea). 

second. 

12 

24 

86 

48 

60 

7a 

• { 

/ 

C 

S 2 

■0049.* 

114 

* § 

•00437 

121-5 

*00100 

127-5 

•00372 

131-5 

•00351 

137 

M 

f 

0 

•oor)o3 1 

lOS 

•0044.5 

120 

•00393 

128 

•00358 

132-5 

•00333 

138 

•00316 

143 

« ( 

J 

0 

•110520 

111-5 

■0IM19 

124 

1 -OOHOO 
132 5 

•00338 

137 

•00315 

143 

•00297 

147-5 

* { 

f 

c 

< 

•001 oc 

114 

■00100 

127-5 

•00352 

135 5 

•00322 

1415 

•00300 

147 

•00284 

151 

10 { 

f 

e 

•00481 

116 

•00388 

129 

•00342 

136-5 

•00312 

143-5 

•00291 

148-5 

1 

•00275 

153-5 


N^3W Cast Iron. 


(Fr4ft Exponential Formulae of Thrupp, Tut, ton 
and Unwin.) 


.Velocity, 

( feet per 
Bocond. 

Diameter (inches). 

8 

6 

9 

’ 12 

< 

. 18 

24 

86 


/ 

•00691 

•00588 

•00535 

•00500 

•00456 

•00425 

•00387 

e 

96-5 

104-5 

109-5 

113-5 

119-5 

123l^ 

129 

A i 

f 

•00654 ; 

•00556 

•00505 

•00473 

•00430 

•004 03 

•00367 

* i 

0 

91) 

108 

113 

117 

122-5 

127-6 

133 

A / 

/. 

•00635 

•00539 

•00490 

•00469 

• 

•00417 

'•00390 

•00366 ' 

• ( 

c 

100-6. 

109 

114-5 

119 

124-5 

129 

134-6. 

1 





•00447 

•00107 


m 


102 

111 

117 

119-5 

126-5 . 

130 

■1 
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Cleaned Cast Iron. (From Unwin.) 


At all 


• 

Uiauieteri(iiicbe8). 



Velocities. 

3 

6 

9 

12 

IS 

•24 

86 

/ 

a 

•00770 

‘jur> 

•00085 

07 

i 

■00040 

100-^ 

•()()6(tJ) 

, 103 

• 

■00500 

100-5 

•00541 

10!» 

•00505 

118 

a 

Old, lkjhtly TuiiKiwaiLATED (’AST IkoN. (From Tutton and Unwin.) 

Velocity, 

JM-I 

hOfOIul, 



Diainctri (inclic 

0. 



3 

0 

9 

12 

IS ■ 

24 

^0 

SG 

2 < 
t 

./■ 

r 

•0U7 

(JO 

0120 

71-5 

•0115 

75'5 

'Dios 

77 2 

•00083 

81 • 

•00021 

83-7 

•00835 

88 

^ 1 

f 

c 

•01 to 
oo-:i 

•0125 

72 

0113 

70 

•DlOO 

77-7 

0000.5 

81-5 

•0000.5 

841 

•00826 

88’6 

“ 1 

f 

a 

•0145 

00-0 

•0124 

72 3 

•0112 

70- 1 

•0105 

78-2 

•000.58 

82 

■00807 

81-5 

•00817 

89 

^ 1 

f 

a 

•0141 

07 

•0122 

720 

•0111 

70 8 

•0104, 

78-7 

•00050 

H2'4 

•00800 

85-0 

„ 

•0810 

89-6 


A series of experiments by Fr(5oinan ^ on the flow through fire hose, 
givo the following mean values of /, at velocities ranging from 10 to 30 
feet per second. 

Unlined linen hose . . . / = '0084 

Smooth rubber lined hose . j — -0044 

It is probable that at such velocities as are common in j^rn-ctice, viz., 
about 100 feetij)er second, these values would become about *0080 for the 
unlined, and *0010 for the rub]) 0 r-lined hose. 

AllT. fifi. 

Since the velocity in a f)ipe is inversely proportional to \/fm error in 
the assumed value of/ will only lead to approximately half 4ihe percentage 
error in v, and hence in the calculated discharge. Still, since the 
physical condition of a pipe surface, and any deviation from straightness 


* 'I'l an tactions .\meric.'ui Society Civil EngineoiB,” 1880, p. 303. 
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[)f the pipe vitally affect the resistance, an4 since the determination of the 
relative physical condition of two surfaces, even though of the same 
material, is a matter of the greatest difficulty, ro pipe flow formula is to 
be relied upon as giving the discharge corresponding to a given loss of 
head, with any great degree of accuracy in a proposed pipe line. The 
[lifficulty in exactly reproducing the conditions of the experiments from 
which the formulae have been deduced prevents this, and the engineer who 
prognosticates to within 10 per cent, the discharge from a pipe under 
jiven pressure conditions has every reason to be satisfied with his choice 
of constants. 

Yelocities Adopted in Practice. — In water supply systems the mean 
^relocify of pipe flow usually ranges from 8 feet to 6 feet per second. In the 
pipe lines forming the supply and discharge mains of power installations 
such velocities are often exceeded, velocities up to 10 feet per second being 
common where such pipe lines are comparatively short, and velocities up 
bo 16 feet or even 20 feet per second being adopted in exceptional circum-. 
stances where the available head is great and the length of pipe line 
comparatively small. 

Art. 66. Friction with Fluids other than Water, 

Very little is known as to the loss of head accompanying the flow of 
liquids other than water. With crude oils the loss of head is very heavy 
owing to the great viscosity. Attempts have been made to reduce this 
loss of head by the additic^'of some 10 per cent of water. This reduces 
the losfif considerably but the discharge takes the form of an emulsion 
from which the water is removed with difficulty. By using a pipe having, 
rifled grooves along its walls, centrifugal action keeps the heavier water 
in contact with the walls, and reduces both emulsilication and loss of 
head. Tests made by the Southern Pacific Railroad Co.,^ give the 
following values of C in the formula v = C A/mi. 

8-in. plain pipe conveying oil C = 5‘46 


8 „ 

tt 


90 % oil and 10 % water 

0 = 7*11 

8 

rifled „ 


90 % oil and 10 % „ 

(7= 65 

8 „ 

pipe 

>» 

water only 

C = 118 

8 » 

plain „ 


oil 

C = 8-76 

3 „ 

rifled* „ 

t} 

90 % oil and 10 % water 

0= 79 

8 „ 

pipe 

V 

water only 

0= , 100 


, Water Charged with Sand.— When a stream of water flows oydr a mass 

* Engineering News, New York, June 7, 1906} Engineering Eeoord, May 23, 1908. 
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of loose mrffcerial which may be carried in suspension, at moderate 
velocities of flow the material is rolled ^iloiig the bottom of tbe pipe or 
channel, with comparatively great loss of head. As the velocity increases, 
at a certain point, depending on the size and weight of the particles, 
these are picked up and carried in suspension in the water. Experiments 
on sand, having grains varying from *16 m.m. to ‘75 m.m. in diameter 
show that for a 1-inch pipe this velocity is about 8‘5 feet per second, 
while for a 3-incb pipe it is about 4 feet per second, and for a 82-inA 
pipe about 9 feet per second.^ With grains of approximately uniform 
size the minimum resistance is attained with this velocity. With grains 
of widely varying size the minimum resistance is attained with a velocity 
somewhat less than is necessary to pick up the larger grains. "VVith fine 
sand the additional loss of head is about 25 per cent, of that due to the 
water alone, for each 1 per cent, of added sand. For velocities higher 
than arc necessary to cause suspension, the proportion of solid matter 
which may be carried is approximately independent of the velocity. 
Experiments show that the proportion of sand to water may exceed 
50 per cent. Where a sand ejector is used this proportion depends 
largely on the form of ejector This is on similar lines to the ordinary 
jet pump, and is situated at the bottom of the sand hopper, the sand 
being carried into suspension by iue:>us of a number of small water jets 
surrounding the inlet to the ejector 
Mixtures of Water and Air. — See Art. 189. 

Aut. 67. — Variation of Vblocity over the Cross-Section of a 
Cylindrical Pipe. 

Experiments show that with sinuous motion through a pipe the . 
velocity of flow is much greater at 
the centre than near the wads. 

From experiments on pipes with 
diameters ranging from 8 inches 
to 19 inches Darcy deduced the 
formula 

® = ’-max - j ^ ^ • (1) 

il 

as giving the velocity v at any 
radius a; of a pipe of radius a. When the unit of length is the metre, 
k = 11*3, and when the foot, A; = 20’4. The volume of the solid of 




---H 


Fm. 96. 


I “Transactions American Sqpiety Civil Engineers,” Vol. 67, 1906. 
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revolution (Fig. 95), whose height represents the velocity at^any radius, 
is given by 

I 2 TT xvdx 

2 IT I xvdx 
mean height = — — « 

^ Substituting foi* v from equation (1) wo have 

mean velocity, v = ^ /• Vai, 



giving the radius at which the velocity is equal to the mean 
' over a cross-section. 

Velocity in Teec per second -r i ■ j 

More recent experiments 
by Ihxzin ^ on a cement pipe 
2*68 feet diameter, and by 
Messrs. Williams, Hubbell, 
and Fenkell^ on cast iron 
@ asphalted pipes having dia- 
meters of 12", IG", 80", and 
42", indicate that the curve 
of velocities is very nearly 
an ellipse to which the pipe 
' ' walls are tangential. Calling 

zx the minimum velocity at 
the walls, and V the maxi- 
mum velocity at the centre, 
the equation to the curve 
would then be 


|■BS■■■SSS■SScSgiS^■ 



lies. and y7. 


The volume of the solid of^ 
revolution bounded by this 
curve is equal to , 

77 a^u X § (F—zfc) 


. • . z; = tf, -f f (F— w). 

^ “ Mem. (le rAcad(*mic des Sciences,” xxxii. 1897. 
8 “ Proc. Am. Soc. 0. E.,” vol.'XXYii., 1901, p. 3U. 
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The mean velocity occurs at a radius x = *75 a. 

Messrs. Williams, Hubbell, and Fenkell found the surface velocity to be 
practically one-half that at the centre/ tn which case the mean velocity 
is ’83 times the maximum. The ratio was found to increase with the 
mean velocity. Figs. 96 and 97 show velocity curves obtained on the 
30-inch pipe respectively on the straight and at a bend in these 
experiments. # • ^ ^ 

The results of Bazin’s experiments can be represented very 
approximately by the formula 

p = V - i: 

where k has a mean value, with the foot as unit, of 38, though^ a nnore 
accurate formula is 

The mean results of these experiments gave n = *51 V ; v = *855 V ; and 
showed the mean velocity to be aitaiiied at a radius *74 a. 

Assuming?’ = — '101 C'Vuij from Bazin’s simpler formula 

assuming a; = *74 a, we have 

V = V 15*4 Vui 


The value v — *855 T, thus corresponds to a value of C = 128. It is 
indeed to be expected that as here indicated, the ratio of mean to 
maximum velocity will vary with the diameter and surface conditions of 
the pipe, both of which affect (I Experimentally the ratio is found 
to range from *79 to '86, increasing with the diameter and smoothness of 
the pipe, the following table indicating how, from Bazin’s simple formula, 
this ratio varies with C or with the value of J. 



• 





■ 

1 

c 

80 

90 

100 

no 

120 

130 

1 

140 

f 

•0105 

•(JP79 

•0064 

•0053 

1 

*0045 

'0038 

•0083 

V 

'785 

•804 

•8‘iO 

'834 

•8-16 

1 -857 

;805 


1 Seethe discussion on surface velocity on p. 216. 
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Other experiments have been carried out by Cole ^ and J)y Morrow, ^ 
from which, together with those already quoted, it may be concluded tl at 
in gauging the discharge of a pipe by means of a Pitot tube (p. 218), the 
mean of observations at a radius varying from *G9 a in small, to 75 a in 
large pipes, will give the mean velocity directly, while the mean of 

observations at the 
centre of the pipe 
when multiplied by a 
constant varying from 
‘79 to *86, with an 
average value of *84, 
will also give the 
mean velocity with a 
fai r degree of accuracy. 

Experiments by K. 
Threlfall,'’on the flow 
of air through gas 
pipes from 6 to 36 
inches diameter, in- 
dicate that here the 
radius of the circle of 
mean velocity is about 
0'775 of the pipe 
radius, though in one 
case of a gas main, 
15| inches diameter, 
the radius of mean 
velocity was about *9 
of the pipe radius. 

The ratio of mean 
to maxiniun velocity 

in these experiments was very constant over a wide range of velocities— 
22 /.s. to 41/.S.— and had the mean value 0'873. 

Recent experiments by Michael Longridge^ on air flow through a 
16-inch pipe at velocities ranging from 77 to 210 f^et per second showed 
that the l alio of mean to maximum velocity varied by less than IJ p^f 
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1 “ Trails. Am. Soo. 1902, vol. 47, pp. 03 -270. 

* “ Proc, Roy. Soc.,” 190.7, vol, 70, p. 205. 

^ *< Proceedings Institute Mcclinnical Engineers,” 1904. 

* ** Engineer's Report of* Rril. Engine and Boiler Insurance Co., Ltd., for 1910,” p. 92. 
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• 

cent, from its mean value 0*921. The radius of mean velocity in these 
experiments was *80 of the pipe radius. 

Surface Velocity. — Since the Pitot tijbe, with which velocities are 
invariably measured, cannot be used to determine veloi ities at points 
nearer to the wall than the radius of its orifice, the manner in which the 
velocity varies at points very near the wall is difficult to determine witli 
any degree o£ accuracy. By prpducipg the curve obtained by plotting^ 
velocities across the pipe, the earlier experimenters concluded that the 
surface velocity was approximately one-half the maximum velocity. 
More recent experiments by Morrow on a pipe 2 inches in diameter, and 
by Stanton^ on the flow of air through pipes of 5 and 7*4 cmm. 
diameter, however, indicate that the velocity of the film in actual contact 
with the wall is zero, even with sinuous flow, and that the 'velocity 
at first increases very rapidly as the centre of the pipe is approached. 
The film of fluid in the immediate neighbourhood^ of the wall appears 
to be moving with steady viscous flow, this state of viscous flow merging 
almost impercei)tibly into that of sinuous flow, the thickness of the film 
undergoing rectilinear motion being extremely small. 

In the latter experiments a Pitot tube having an orifice only 
*25 millimetre deep was used. In rough pipes (resistance proportional 
to the velocity curve was found to be similar from the centre to within 
8 millimetres of the walls, for all velocities, and to be a parabola, having 
the equation 

V = 

For smooth pipes the curve was also parabolic up to a radius of 0*8 a. 
For exact similarity of the curves over the whole range of radii, it is 
necessary that the central velocities should be inversely proportional to 
the pipe diameters. Fig. 98 shows yelocity curves obtained in these 
expel iments.^ 

Art. 67 a.^— Mixing of Adjacent Layers During Flow of Liquid 
IN Pipes. 

From the fact that the velocity near the centre of a pipe is much 
greater than near the walls, it is evident that there must be a continual 
admixture of the faster moving liquid with those more slowly moving 
particles nearer the walls ahead of it. Thus the particles of a column of 
the fluid, originally of unit length, will, at any subsequent time, be 

^ “ Proc. Roy. Society,” A., vol. 85, 1911, p. 36G. 

“ In the above formi la I c «» tlie velocity at (-he centre of (he pipe. 
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f 

found to be distributed over a length greater than that which they 
originally occupied. This matter is of some importance in connection 
with oil transmission pipe lilies, through which from time to time 
different grades of oil are to be pumped, and in which it is desirable to 
know the probable volume of contaminated oil likely to follow a change 
over from grade to grade. 

In experiments on a wooden pipe lin§ conveying water and consisting 
of a length of 13,200 feet of '10-inch pipe in series with JTjflOO feet 
d 16-inch pipe,^ aniline dye or bran was admitted for a measured time 
to the intake, and the discharge from a relief valve on the 10-iuch pipe, 
situated 12,700 feet from the intake, and from the outlet from the 
16-inch pipe, wiis carefully w^atched for tlie appearance and disappear- 
ance of 'the colouring matter or bran. With the dye the exact instant of 
appearance and disappearance, particularly the latter, could not be 
determined with any very great accuracy, but the time of passing the 
relief valve was apparently about one minute greater than the time 
of admission. As the moan velocity was 582 feet per minute, this means 
that the mixing had extended over a length equal to 58,200 -- 12,750 = 
4*6 per cent, of ‘ the distance traversed. The bran apparently took 
eighteen minutes longer than the time of admission to pass the outlet 
from the 16-inch pipe, indicating an admixture over about 8*5 per 
cent, of the distance traversed. lilxperiments carried out with colouring 
matter on a 4-inch and a 6-inch pipe line at Cornell ^ conveying water at 
velocities ranging between about *0 and 4*5 feet per second showed that 
the admixture extended a mean distance equal to about 13*3 per 
cent, of the distance traversed in the 6-inch pipe, and 11 per cent, of this 
distance in the 4-inch pijie. Both these pipes were spiral riveted, but the 
4-inch pipe had an asphalted surface. On the whole it would appear 
^/hat the percentage distance for similar pipes diminishes with an 
increase in diameter, and for pipes of tht same diameter increases with 
the- roughness, apparently varying liutle with the mean velocity. 

Experiments by the Standard Oil Co.*^ on the admixture of oil of 
different grades in a 6-inch pipe line, 24 miles long, showed that with 
light amber oil, specific gravity *79, displacing heavy black ojl, specific gravity 
*85, with a mean velocity of flow of about 4 feet per second, the length 
of admixture was between 8*.5.and 12*1 per cent, of the distance travelled, 
while, where the heavy displaced tlie light oil, the length was only *44 per 
cent. Similar experiments on an oil-pipe line 210 miles long between 

> J. Xj. Curiipbell, Enghifcrbuj Xews^ Augusl 27, 1908, p, 227. 

3 Cornell Civil Engineer^ Dec. 1911, p. 122, by Truf. E. W. Schoder. 
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Morgantown ^nd Millway, with light oil displacing heavy oil, showed 
a length of admixture varying from 10 to 12 per cent. 


Art. ()8. — M k aburemeni 


OP Pipe Discharge. 

by a pipe may be determined 


T-: 



L.. 




1 
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— ^ 

1 

/ 


3 


Da tun 


The volume actually discharged 
ajiproximately in several ways. • 

(1) The most accurate metliod is that of collecting and weighing the 
(piantity discharged in a deliiiito time, but this is impossible with any bufc^ 
the smallest of j)ipes. 

(2) The mean velocity may be computed from a knowledge of the 
hydraulic gradient and of 

the diameter and iiilernal 
condition of the pipe by an 
application of one or other 
of the formulae of Art. (15. 

Where these data can bo 
accurately obtained an error 
not exceeding 10 })er cent, 
may be expected, with pipes 
ranging from 8 inches to 
b'O feet in diameter. The 
hydraulic gradient may be 
obtained by observing the 
ditForence in the free level 
of tlie columns in two 

piezometers, or pressure tubes, placed at a known distance apart, or 
by the use of one of the types of dift'erential gauge described in Art. 9. 

(8) The velocity may be deduced from Pitot tube observations, this 
being used to give the velocity al the centre, or at the radius of mean 
velocity (p. 2:^4), or at a series of radii across the pipe. In the first case 
the mean velocity is aiDproximately *84 times that observed. In the third 
case the mean velocity is given by 

. 1 

V = — „ / 2 TT r (I r, 

g TT urj 0 

where a is the pipe radius, and r the velocity at radius r, the integration 
being i)erformed graphically. (R(‘-e p. 110.) 

The Pitot tube consists of a tube of fine bore bent at right angles 
(Fig. 99), having both ends open, and so arranged that while one leg 
remains vertical, the other may be rotated so as to point either up. 
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down, or across stream 



I 

thus placing the plane of its orifice either at 



right angles to or parallel to the 
direction of flow. 

When pointed up-stream, the statical 
pressure immediately inside the 
entrance to the tube must balance 
thOf statical head of water outside 
together with the pressure equivalent 
to tha velocity head, so that if h' feet 
be the height of water in the tube above 
the free service level when turned 
up-stream, we have where 

k is a constant very approximately 
equal to unity. 

Similarly, if turned down-stream, 
and if ¥ is now the depression in the 
tube, we should have 

Theoretically, with the orifice point- 
ing across the stream, the level inside* 
the tube should indicate h, the statical 
head alone. Owing, however, to eddy 
formation and to a consetpient reduc- 
tion of pressure at the orifice, the 
level inside the tube is slightly less 
than h. 

When turned down-stream, eddy 
formation also affects the reading /i"* 
giving this a lower value than the 
-theoretical, while even when pointing 
up-stream the reading h' is only 
accurate when the tube is of very fine 
bore, and is given a conical form so 
as to divert the oncoming stream 
with a minimum of disturbance. For 
this reason, ^the tube should be cali- 
brated by observations in water 
moving with known velocities. Other- 
wise, even with a well-coHstructed 
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The instrument as improved and used by Darcy and Bazin for stream 
measuremenis ^ is shown in Fig. 100. It consists essentially of two 
tubes, one drawn to a pointjiind facing up-stream, and the other straight 
and with an opening at its lower end whose plane is parallel to that of 
motion of the stream. The air in both tubes is partially exhausted so as 
to bring the water columns to a convenient height on the scale. A 



cock R' is provided by which the columns may be simultaneously isolated 
from their orifices. The instrument may then be removed to a con- 
venient position and the readings taken at leisure, Darcy and Bazin 
rated this meter in flowing water by surface floats, and also by observing 
the velocity at many points in a cross section and comparing the mean 
so obtained with the known mean velocity ; and in still water by taking 
readings from a boat towed with a known mean velocity. The respective 
mean values of C, in = (/// being the difference in the 

" * Darcy and Bazin, “ Uecherches liydrauliques,” 1865. 
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heights of the two columns) as thus obtained were 1’006, '998, and 
1-034. 

In modern types of the Durey tube the static pressure is taken from a 
series of small openings in the walls of a tube held parallel to the 
current, and by this method, using extremely small o];)eiiings, the effect 
of eddy formation is greatly reduced. Such a tu])e, as used for pipe flow 
work by Professor G. S. \J^illiam8,\ is shown in Fig. 101. Here the 
statical pressure is transmitted through four openings, each inch 
diameter, while the impact orifice itself is inch diameter. The tube 
was manipulated through a stuffing-box in the wall of the pipe, this 
permitting the orifice to be adjusted to any required radius. 

" The tube sliown in PTg. 101 was rated in two different ways. By 
moving it at a known speed through still water in a circumferential 
trough, of approximately 12 feet diam(iter and of 72 square inches 
cross sectional ai-ea, the mean value of C was *926, while using it to 
determine the velocity at the centre of a 2-inch pipe whose discharge 
was caught and weighed, on the assumption that the central velocity 
was 1*88 times the mean velocity the mean value of C was found to be 
*895. The values obtained by this second method may reasonably bo 
expected to be lower than those obtained by the first method, sinie the 
velocity at the section of the pipe containing the statical pressure 
orifices is of necessity greater than in the plane of the orifice, and the 
pressure as recorded by the static column will consequently be less than 
in the latter place. Thispffect will be more marked the greater the ratio 
of ^thc ‘Cross section of t^ tube to that of the pipe, and unless calibrated 
in a pii)e of approximately the same dimensions as that in which it is to 
be used, the results of such rfi-tings can only be approximate. 

On the whole it would appear preferable for pipe work to use a simple 
Pitot tube to measure the impact pressure, and to obtain the static 
pressure from an orifice in the pii)e wS,ll8 at the same level as, and in the 
plane of, the impact orifice. Using the tube in this manner C is found 
to be very sensibly equal to unity. 

When used for measuring the velocity of flow in an open jet the 
necessity for the static pressure tube vanishes, and nnder such circum- 
stances the point of a stylographic pen hafj been found to give, good 
results as the impact branch of the tube.*'* ' ^ 

(4) The velocity may bo obtained by Venturi meter (Art. 196), when fpr 


' See “ Proc. Am. Soc. vul. 27. 

For the description of a Pitot tube for high velocity jot work see a paper by W, ft, 
Ekman, “Prqp. Inst. Jfl^ech. Eng.,” 1900—10. 
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fairly large pipQS an error not exceeding 1*5 per cent, is to be expected. 
With small pipes, one of the other types of meter described in Art. 196 
may he used. ^ • 

(5) A chemical method of determining the discharge is described by 
F. Van Iterson.^ A given weight per minute of sodium thiosulphate 
being introduced into the pipe, a sample of the discharge is taken at 
some point nearer the exit, and yie (quantity of chemical present is 
measured. The chemical being diluted in "proportion to the volume of 
discharge, a measure of the latter is obtained. The sample is titrated ^ 
with standard iodine, starch being used as an indicator. Several cocks 
arranged at different points on the circumference of the pipe should be 
used for withdrawing the samples, so as to obtain as far as possibleua 
fair sample of the mixture. This method has been used with success for 
determining the discharge of sewage pumps at La Haye. 

Where a colourless discharge is expected, coloured liquid may be 
introduced into the pipe in known quantities, and the colour of the 
discharge compared with that of standard admixtures. The method 
is, however, only to be looked upon as giving approximate results. 


Aut. 69.— Relation of Diameter op Pipe to Quantity 
DiscnAiuiBD. 

TT . . 

With rough pipes, since Q = -j- . v, and since the loss of head II in 


any length I is given by 




. Jh'JLai: 

•• /I 


2 .</ 


fl] 

m I 




\IJ U .5 

ifl ”4 ' if I 

Q = C'\/ ~ ■ >1^' where C = V 

For smooth pipes, the loss of head is proportional to a lower power of 
the velocity than the second, and to a power of the diameter slightly 
different from the first, Le.y 


> Le Qinie ( JivU , Paris, vol. 44, p 411. 
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( 


/ jf <n ' 

•** 

y = ^ j y . «• 

Professor Unwin gives coefficients for fornuilixe deduced by Hagen, 
^vbich for clean cast iron j^ipes make 



C" having the value 41*9. 

In experiments carried out by M. Vallot, Q was found to be proportional 
to 


• Aut* 70.— Initiation and Stoppage of Motion in a Pakallel Pipe. 


(a). Gradual Stoppage. — Neglecting the effect of the elasticity of the 
water, and thus assuming that during acceleration or retardation in a 
pipe line, the velocity throughout the pijie is uniform at any instant, if a 

d V • 

retardation— r-- be produced in any way, as ))y the gradual closing of 

it t 


a valve at the outlet to the pipe, or by the retardation of a plunger giving . 
motion to the water column, the rise in pressure behind the valvfe or 
piston due to this retardation will be given by 


where ‘‘Z” 
square feet. 


f " / 

1 / « = — . I . a 

^ 0 


d r 
' (I t 


V = 


lbs. per square foot . (1) 


w I d V 
(J d t 

is the length, ITnd “a” the sectional area of the column in 

dr. . . ' 

The minus sign is used since ^ being an acceleration, is 


itself negative if the motion is being retarded. This pressure difference 
at the two ends of the piiie is superpose^} on that due to steady How with 
the velocity obtaining at the given instant. Thus if the loss of pressure 
from entrance to exit, due to steady flow with velocity v feet per second, 

is ^ ( 1 + '^ ) lbs. per square foot, and if v and ^ are respectively 

the velocity and the acceleration at a given instant, the pressure at the 
valve will be less than the statical pressure undir conditions of no flow, 
by an amount 


^ \jd£ I 

g Vdt'^ 2 



lbs. per square foot. 


A general expression for the pressure changes, accompanying*^ changes 
of velocity in a pipe line may be obtained from Bernoulli's equation. / If 
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m 


at any point in the pipe the acceleration is the force per pound 

necessary to produce this^ acceleration is -- and the work done by 

ff dt ^ 


this force while motion takes place through a small distance B x is 

1 dv ^ 

- • -y— . ox. 

Similarly, if the work done against frictional resistances is expressed as 



fv\ 
2 g vt 


per lb., per unit length of the pipe, as is usual, the equation as 


finally modified for friction and for acceleration becomes 


d 

dx 


IV 2 /; 




1 dv 


+ , 


m 


( 2 ) 


fv^ 

g dt ' 2// 7/1 

where z is the height of a given point in the fluid, above datum level, and x 
is its distance from some abitrary point, measured in the direction of flow. 
This equation is true even if the pipe line he not uniform in diameter. 
Integrating both side% of (2) with respect to x we get 

£ + ;l + z = dx ( Vdx + c 

w 2(7 g } odt 2//7/iJ 0 

Whenever the acceleration is a known function of the time or of the 
distance travelled by a particle, equation (3) may be solved and the 
pressure at any point obtained. 


(B) 
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« 

As an example, consider the uniformly retarded flow through a pipe of 

■ uniform cross-sectional area of and length 1. Let = — a, and let the 

suffixes V and i refer to the iiipo inimediatcl}^ behind the valve and to 
the inlet at the top respectively. Let x be measured from the inlet 
(Fig. 102), and let be the velocity in the pipe line. 

Then at the inlet, where x = 0, we have p = p^, z = zi, 

jo = 0. so that '^ = J from (3) 

When x = I, ix., behind the valve, we have p = p„ z = z„ 

L ^ lit '« * = - « j/f * = - : 

2fim 


Pv A V,; 


a 

'9 ‘ 




(4) 


’ + - + 

■■ w 2// ^ 

^ + 2 ',/ equivalent of the statical pressure p. 


at the valve with no flow tlirou}i[li the pipe, so that we (jet 


(5) 


or p, = p, + 


a I 


^ per square foot, 


the result previously obtained from general considerations. Obviously 
this expression has its maximum value when = 0, i.n,, at the instant 
the valve reaches its seat. 

In order to get uniform i^itardation of a column by closing a valve at its 
lower end, the rate of closure of this valve would, however, need to be some- 
what complicated. If a is the pipe/irea, and ao the effective valve area at any • 
instant (the effective valve area is the actual area multiplied by the coefficient 
of discharge), and if I’o is the corresponding velocity of efflux, being 

the corresponding velocity of pipe flow, we have ?’a = so that 

* d 


di\ 

dt 


’a_l 

^ . ao - /(, 

a ( dt 


d do ] 

dt 


If di is the effective valve area when the valve begins to close, and if tq 
is the corresponding velocity of pipe flow, the value of do after t seconds 
is given by * ' 


I 


n + « t 

jI 


V2af + 2<;/t-^(i-i + a0- 

See “ Water Hammer in Hydraulic Pipe Lines,” p. 8. Gibson, Constable & do., 1908;, 
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In an expariment carried oufc by Prof. L P. Church,^ on a pipe 
1 inch in diameter and 2,395 feet long, fitted with a nozzle 2 inch^ 
diameter at its lower end ^ind discharging^into the atmosphere, the nozzlt 
was closed in 25 seconds, so as, ft is stated, to give uniform retardation in 
the pipe. The statical head at thj valve was 802 feet (181 lbs. per squarf 
inch), and tlie pressure at the nozzle during steady flow was 108 lbs. pej 
square inch. The maxi mum procure ath^ined was 143 lbs. per square 
inch, so that — p, = 12 lbs. per square inch. 

Here, assuming a coefficient of velocity of *985, the velocity of efflus 
would 1)0 *985 \/2 //'x Tu 8 X 2“81 = 125 feet per second, so that the 
velocity in the pipe would he 7*8 1 feet per second. 

This jiiakes— a=*812 feet per sec., per sec., and makes 

- .al = = l,45r> lbs. per square foot, 

g o2*2 

= 10*1 lbs. i)or square inch, 

as compared with the observed value 12 lbs. per square inch. 

Uniform Closure of Valve.- Where the outlet valve is closed uniformly, the 
acceleration varies from instant to instant according to a complicated law. 

Let the pipe line, of uniform area a square feet, discharge at its lower 
end through a valve into a chamber where the pressure is uniformly 
po Ihs. per square foot. Let times be measured hachirard from the 
instant the valve reaches its seat, so that, if the valve be closed uniformly 

in T seconds, using the same notation as before w'e liave = ai^yas 

giving the valve opening at an instant t seconds hvj'ore closure is complete. 
Let he the velocity in the ])ipe line. Equation (3) now becomes 


u\ ' 2r/ 

Zt being negative. 

Also since, when x = 0 , 


(f Jo d t 


d X c 


(^d r , 

= 

(;= d X = 0, 


e := ■ » + e, + 

2(f w 

Again, when x=:I, i.e.^on the outlet side of the valve, neglecting losset 
in the valve, we have 


II ■ 
* 

o 

11 

Jo dt d t \ 

II 

o’ 

I! 

! 
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so that ' 


. Po “ Pi 


+ *0 


DU mtiu -1 ' T *0 -^1 — I 1 , u 11. 

2 g w g { d t ‘2 in J 

Writiiic-^ + ^ + -^1 — — *0 = h feet, wln^re It is the difference 

tr 2r/ ir 

of statical head on the two sides of the valve with no flow taking place, 
equation (7) becomes 



d 

^'a 

/■'?! 

.x' ■ r 


(8) 

‘2// 0 1 

( dt 

2 m 1 


■ 'V ", its value 

1 

«0-T 

^ + ro 

d_ ni) ' 

this becomes 

(it 

a 

1 d 


d 1 i 


d ^ a j i\? 

" d t 7(2 

(■ + 

Of? fl \ 
in 1 

- // / 

' J t'j) 


On substituting for 


and on dividing throughout by the coefficient of ro^, we get 


1 ^'o a 7 

k ao — = '/ 0 — f'o “ 
d t 


where h = 


f d 

J iV - h Co ■ 

2 J (/ flj) 

a ’ (I t 

TTT^V 


_ 1 f (/J _ jr r <1 1 

] flo /' “iJ ' 


2 g h 
I d I <U) 


A^ = - 


!+• 


2 / 


■ If aoja is small, so that the term ^ ~ ^ is small in comparison with 
unity, and may therefore be neglected, />, c, and k become constants 
having the values 

ant n 

This will always be the case as the valve gets close to its st^at, and when 
in consequence the hammer effect is most noticeable. In such a case 
both sides of (10) become integrable. AYritiug this in the foim 

_f + 7; = /’- log. « (11) 

and determining V from the consideration that when t = T, jiq has a^ 
known value To, we have ^ 

. { / h , i \ I V 

^ |V'^+4'“2^’“ V T ^ ~ 


■-^ + ro y g + J + 

I h / , h , . 

+ _-r„ V‘=+4“2'^.' 
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or —lop, 
m 


, ( '■ + £0 
■' i 7 - ro • 

<I - O ) V t / 

1 I 


+ 1-0 f k fli « 


7 - •“ feet per second 


q- 1^0 \ t_l_ 

where r = ^ c + -~-’’y q c +i^ + iii = 2 ^ c + ^ 

This gives the velocity of elliux, from which the velocity at any instant 

,,„i : — i.:, . 1 . ( ^^0 \ •„ :uUr r,w^r^ll 


within the range of valve opening over which - 


is negligibly small, 


may be readily obtained.^ » • 

Writing ]\ for the difference of pressure on the two sides of the valve 
at any instant during closure, we get, as in equation (5), 

l>.=P.+j[ ^ t ^ + m ) ) 

and on substituting for (^) becomes 


Tv = 1\ + 


w {v^ r„2 


[I h lbs. per sq. ft. (14) 


Evidently this has its maxifnum value when Vo is a maximum and there- 
fore, from (18), when t vanishes, ie., at the instant the valve reaches its 
seat. At this instant t'o attains the limiting value q, while i\ becomes 
zero, so that we get 

77^ f I 

{VXa^ =•?’»+ r2 I 

But = -a + 4 + 2 y . ‘' + 4 - !> 

/ I d «oV , I d ao / „ I I / * 

=(a-dt)+ a-dtX ^<’’^ + [-a-dt) 

It follows that the rise in pressure behind the valve at the instant 
when closure is complete, above that obtaining with no flow through the 
pipe, is given by 

+ lbs. i«r sq. ft. (15) 


* Where ^ ^ is not nesligiblc the treatment follows the lines outlined on p. 28. 

“ Water Hammer,” ante cit., p. 224. This case is, however, not of great practical importance, 
since the rise in pressure before the valve gets near to its seat, and hence before the state 
of affairs hypothecated obtains, is usually very small. 
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Tima of closing YblIvc in Seconds » 

Fiq. 103.— Pressures Attained Behind Valve in Excess of those Obtaining with Steady ' 
Flow with Valve Open. 

Experiments by the author on a cast-iron pipe line 650 feet long and 
8*75 inches diameter, with a tange of values of the ratio a : ai from 9 to 79i 
^aifd with values of T ranging from *22 to 18 seconds, show resume in idosli 
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accordance with those calculated from this formula. In Fig. 103 the 



Fid. 104. 


experimental results are plotted against the dotted curves which represent 
the calculated results. 

Series A. a -r- ai = 19*5 h = 104*6 ft. 

„ B. „ = 34*7 „ = 104-6 „ 

„ C. „ = 72-5 „ = 105-5 „ 

„ 1). „ = 8'6 „ = 104-0 „ 

Pressures were measured by an indicator whose drum received its 
rotary motion directly 
from the spindle of the square 
valve, and a typical ^ 
diagram under these 
conditions is shown in 
Fig. 104. 

When the valve has lO 

reached its seat the 

pressure falls belo w that • 

corresponding to the 

statical head, then rises 

’ , Fid. 105. 

again, a wave of pres- 
sure being reflected backwards and forwards along the pipe. This portion 
of the phenomenon, due solely to the elasticity of the water column, will; 
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be explained later. If the indicator drum be rotated uniformly and 
independently of the valve spindle, a diagram similar to Fig. 105 is 
obtained. Here A A' marks the pressure in Uae main before opening the 
valve, B B' the pressure at the valve with steady flow, so that the 

f I 

distance from A A' to B B' reprosenls^ . C marks the instant 

2 (j m 

of closing of the valve and* C O' indicates the excess pressure p' due 
rto closure. 

Both theory and practice emphasise the importance of a relatively 
slow motion of the valve as it approaches its seat, and particularly at the 
instant of closing. 

Gradual Opening of Valve.— If the valve be gradually opened, so that 
both valve area and velocity of pipe flow increase with time, equation (6) 

becomes - + ~ ^ f 1 ““ o f tl x C (O') 

w 2 // // Jod t 2 If m Jo 

If the valve is opening uniformly, on proceeding as before (9) becomes 

dVii , (I ClQ « 1 I /o;v 

and on making the asaumption that is small, this bec6mes 

J ^0 “b ^*0 — c A: J rto 

When t = 0, let = tq, the flow being steady, and let rto = rti, 
Thep rto ;= rti + / = (3^"+ Kt, where K = 


. /o - 

<0 + q ?o — y ^ “b 


from which \ve get 


i:o-y{_Ji\Kk 
ro + 


ft. per second, 


where r, q, m and k have the meanings attached to them on p. 227, viz., 

’ - V <' + 4 - .J'« = V <' + 4 +- 2 :"' = W ‘ +4’'‘-7- 
This gives the velocity of efflux after an interval of t seconds from the 
commencement of the motion, in terms of the valve opening arid velocity 


5 J / d cLq 


and e 2 g li. 
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of efflux at the latter instant. This only holds so long as the valve is 
opening. Suppose the valve to he stopped at an instant wheinits opening 
is aoi the velocity of efflux at this instant being calculated to be vq. 
Let Ui) -^it = v. * 

From this time onwards = n . and equation (i)') becomes 


7 ^0 


So that 




V , 2.^7// ‘2/7/ 

where c' = . ; k = 

1 + ,72 .n ^ 

VI m 


Integrating we get 


1 1 “I" ^0 1 TA 

V r' V e' — To 


‘2 V r' V e' — To 

When t = 0, i.c., immediately the valve comes to rest, ?-o = Vo\ 
Using this to determine 1>, we finally get 


v/7 -r;v • 'L, " ^ ^ 

V r' + /'(/ t , - 


-s/ c' feet per second (16) 


y— 7- , • ' A' "T A 

VC — /■() 

as the velocity of efflux after t seconds from the stoppage of the valve, 
it will he noted that as t increases, this tends to the limit 



The method of treatment so far outlined, while giving results which 
are rigorously true for an incompressible fluid in a rigid pi})e line fails 
to account for many of the phenomena actually observed during the 
sto])page of motion in a long column of water, since these are largely due 
to the elasticity of the water column. For examphi, an examinaiion of 
equations (1) or (‘2) indicates that an instantaneous stoppage of motion, 
involving an infinite retardation, will necessitate an infinite retarding 
force, and hence an ii^nite pressure at the closed end of the pipe, a 
conclusion which is not at all borne out by the result of experiment. 

Actually, when the column is brought instantaneously to rest, 
compression takes place ; a wave of compression is reflected from the 
closed end of the pipe ; and the initial kinetic energy of the water is 
transformed into resilient energy or energy of strain. 



235 


HYDEAULICS AND ITS APPLICATIONS 


When the retardation is gradual, part of the kinetic energy is absorbed 
in doing work against the retarding force, and part in compressing the 
column, the latter factor becoiUring increasingly important as the rate of 
retardation is increased. 

(b) Sudden Stoppage of Motion— Ideal Case. 

If a column of wator, flowing with velocity v along a uniform pipe 
(oupposed rigid), have its motion checked by the instantaneous closure of 
a rigid valve, the phenomena experienced are due entirely to the elasticity 
of the column, and are analogous to those obtaining in the case of the 
longitinlinal impact of an elastic bar against a rigid wall. 

At the instant of impact, the motion of the layer in contact with the 
valve is suddenly stopped, and its kinetic energy is changed into 
resilience, or energy pf strain, with a consequent sudden rise in pressure. 
This stoppage and rise in pressure is almost instantaneously transmitted 
to the adjacent layer, and so on, the state of zero velocity and maximum 
pressure (this at any point being above the pressure obtaining at that 
point with steady flow at velocity v) being propagated as a pressure- wi^ve 
along the pipe, with velocity F,,. [F^ is the same as the velocity of 
sound through water, i.c., about 4,700 ft. per second, depending slightly 
on temperature.l 

This wave reaches the open end of the pipe after t seconds, where 
Fp. At this instant the whole of the column is instantaneously 
at rest in a state of compres^fon. 

At the open end, however, a constant pressure pi is maintained, and in 
consequence the strain energy of the end layer is reconverted into kinetic 
energy, this (neglecting losses), rebounding with its original velocity v 
ifnd with the normal pressure obtaining at this point under a stale of 
steady flow towards the open end with thft velocity. 

This state of normal pressure and of velocity (— is then propagated 
as a wave towards the valve, reaching the latter after a second interval 
I -r Fp seconds. At this latter instant the whole of the column is 
unstrained and is moving towards the open end with velocity v. At the 
Skme instant the motion of the layer nearest the ^^alve is stopped, and *a 
wave of zero velocity and of pressure (p' below the pressure obtaining at 
the point at the instant before the stoppage of the motion, or p below the 
pressure at the point with no flow through the pipe) is transmitted. along 
the pipe to he reflected from the open end as a wave of normal pressure 
velocity v towards the valve. When this wave reaches the valve^ 
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4^ -f* ^ seconds after the latter is closed, the conditions are the same us 
at the beginning of the cycle and the whole is repeated. 

Under such ideal coiiditjons the state df affairs behind the valve, as 
regards pressure, would be represented by such a diagram as Fig. 100 A, 
the evclc, in the case of an elastic, non-viscous fluid, being repeated 



Fig 10(i. 


indefinitely. At any other point in the i)ipe, at a distance li from the 
open end, the pressure-time diagram would appear as in Fig. 106 B, 
Actually, because of the elasticity of the pipe walls and joints, part of 
the kinetic energy of the noving column is expended in stretching these, 
with a resultant reduction in the maximum pressure attained, this 
reduction depending entirely on the form, material, and construction of 
the pipe line. Obviously an air vessel or any such device near the closed 
end will considerably reduce the pressure, and its action may be 
considered as being due either to a reduction in the effective modulus of;. 
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elasticity of the pipe as a whole, or to an increase in the time occupied in 
bringing the moving column to rest. Owing to this, and to the viscosity 
of the water, the motion gradually dies out. , 

The state of affairs is then as indicated in Fig. 107, of which A 
represents a diagram from behind the valve, and B from a point 15 feet 
from the open end of the pipe lino experimented on by the author. In 



Atmos. — •» ..ii .L i. I Press. 



Fig. 107 


this case the valve was closed in *07 seconds, and the vibrations died out 
BO that the motion of the pencil of the indicator became imperceptible, 
after about 30 complete oscillations. . 


♦ Magnitude of Rise in Pressure following Sudden Closure of a Valve. 

If p' be the rise in pressure in lbs. per square foot; if K be the 
modulus of cubical compressibility of the water ; and if v be the velocity, 
of flow at the instant of stoppage (supposed instantaneous), we have, 
assuming the pipe line rigid, on equating tl^e loss of kinetic energy 
per lb. to the increase in resilience 


p' = v yy/ ■ 


9 
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Putting K = 300,000 X 144 lbs. per square foot; w = 62-4;/; = 32*2; 
this becomes 

p = 94)0 r lbs. per square foot. 

= ()3*7 i* lbs. per square inch. 

A closer approximation to the actual rise in pressure may be obtained 
by assuming that while the pipe line is rigid in that the motion is 
instantaneously stopped, yet the eksticity i^ felt in its effect on the value 

of K, this adopting the value K' where ^ ~ approx.^ r 

In the author’s experimental pipe line this makes IC = 251,000 X 
144 lbs. per square foot, and makes p' = 58*4 v lbs. per square inch. 

The following demonstration shows how the elasticity of the pipe^Rne 
and water column may be taken fully into account. 

Let A'' and K have the meaning already attached to them, and let w 


^ Suppose the pii)e to be of radius r feet, and of comparatively small tliickuess t feet, and 
let Llie material of which it is composed have a modulus of elasticity A’ lbs. per square foot, 

and a Poisson’s ratio 

<r 

Then if at any section of the pipe the increase in pressure due to retardation is lbs. per 
squaie foot, the increase in the circumferential stress in the pipe walls is and in the 

longitudinal stress is lbs. per square foot. 

It, then, 5 x is the change in length of an element o^ the pipe at this point, whose original 
length was u*, we have 

1:!: - l^‘ - - a- ) 1 - ^ ! 

X 2 / A' at 3 A ( j 

I'Ll 

r t A 2 or I E 


5 /• = r 


tE \ 


^ - ^1* 


The change in the volume of this element is therefore given by 

Tc {(r + h tf (x -] d .r) - 

, i neglecting small quantities 
= of(,Uesccoi,d,.,d.T. 

P' ) 

" ^ "" 2rAt" j 

. 5 >' P' ^ i 1 

' r “ 2 / Al*';- irj* 

But the actual new volume of the liquid = ir a* ^ J while its apparent new 




volume 

be denoted by is given by the relation 
1 1 


) that the effective value of A, which will 
4 > 




For iron pipes a may be taken as 3'(J appioxiraately. 
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and V and a and be the weights of unit volume of, the 
velocities of wave propagation in, and the sectional areas of the water 
column and metal of the pipe Ivall respectively. 

Then, with instantaneous closure the ends of the water and metal 
columns move, at impact, with a common velocity m, and waves, 
respectively of compression and of extension, travel along the water 
column and the pipe wall. 

Hence, after a very short interval of time 8 1 , lengths V B t and F,^ B t of 
the water column and of the pipe will be fnoving with velocity w, and the 
equation of momentum gives : — 

[w aV + ii\n F,ft} n B t ■= w a V v B t 

J 

. F, 


1 + 


w a V 


Each element of the column and of the pipe, as the wave passes it, takes 
suddenly the velocity u, while each element of the water column takes the 


compression 


F. 


and therefore the stress {v 


■ «) >/■ 


w K' 
9 


, and each 


element of the pipe takes the extension jr stress u 


▼ (I 


Substituting for u we have the pressure rise in the water given hy 


1 + 






lbs. per square foot. 


Since'" F = \/ and F,^^ = \/ this may be written 


p = V 


a,„ L «•„, 


v: 


«' K' 


J ^ 4- « J IL- 

V K' «• + V J 


I Ihs. per square foot. 

• • ( 2 ) 


1 Imagine a bar of unit cruss-sectioiml area to impinge with velocity v in the direction of ' 


its axis, against a rigid wall. After a very short interval 8 1 seconds, a mass 


WJm Vm 8 1 


has 


been brought to rest, and, if p is the (uniform) jiressurc on the end of the bar during this 
interval we have, equating the force x time, to the change of momentum 

p^t = . V or p = . Vm . V lbs. 

y ' y ■ 

= r \J — so that,. equating these two expressions ,we get feet^, 

|er second. 
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The longitudinal stress /, produced in the pipe walls by hammer action, 
which equals u then becomeB, on substitution, 

[ 

/ = i; ] / q . / g I Ibs. per square foot. 

I V a V -A''tc) 


Valve Shut Suddenly, but not Instantaneously. 


As the time of closure of a valve becomes less and loss, the nmximtim 
rise in pressure will evidently tend to the limit given by formula (2) 
p. 236. 

/ X 

Now if the time of closure is so short that i > T = -,t, the distur- 

f )) '' p 

banco initiated at the valve has travelled a distance x, and has not 
arrived at the open end when the latter reaches its seat. 

In this case if the retardation is uniform (= — a), equation (1), p. 222, 


becomes p' = lbs 

Buta = ’^: = -"J 


\ go that 


p' = ]’ ■ K = »■« 

this being the value obtained with instantaneous stoppage. It follows 
tlmt whatever the law of valve closure, if this is completed in a less time 
tlian l-r Vj, the pressure rise will be the same as with instantaneous 


closure. 

For values of T between Z-f-i; and the falling off in pressure 

will usually be comparatively small, so that it is in general sufficiently 
accurate for all practical purposes to count as sudden, any stoppage 
occupying a shorter time than this. 

For values of T>4^-f-Fp, formula (15), p. 227, may be used without 


serious error. 

Experimental Results with Sudden Closure of Valve. In the author s 
experiments I = 550 fee^ ; K' = 251,000 X 144 ; K = lO*^ X 144 lbs. per 
square foot ; a : a,, = 1*275 ; formula (1) p. 234, gives 
= 7780 V lbs. per square foot, 

= 54'0 V lbs. per square inch. 

For comparison the observed results are shown in the following table, 
against those as obtained by using this formula. 
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Experimeut. 

Velocity 
before closiiiir 
Valve. 

^ Time of 
Closing. 

Rise in pressure. 

* Calculated 
ip ^ 54 r). 

Experimental, 


Icct sf*{‘()n<l. 

seconds. 

lbs. per sfiimtv iiieli. 

11)8. per s(pmi e inch. 

1 

•3025 

•07tk 

19-5 

]9-5 

2 


•090 


19-5 

8 

»» 

•140 

>» 

18*7 

4 

>> 

•270 

if 

D3-3 

5 


•280 

if 

14-7 . 

6 

•551 

•005 

29-7 

2!)-3 

7 


•090 

if 

29-3 

8 


•175 


29-3 

9 


•255 


‘25-0 

10 


•275 

ft 

24’4 

11 


•275 

if 

26-2 

12 

•720 

•125 

38-9 

87-5 ' 

13 

>> 

•135 

1 ■ ft 

38-1 • 

14 


•150 

tt 

38-1 

15 


•250 

tt 

37*0 

10 


•270 

tt 

35*7 

17 

J) 

•270 

ft 

35-7 






18 

r094 1 

' -no 

59-0 

57-5 

19 

,, 

•150 

tt 

58-7 

20 


•245 

tt 

55*0 

21 


•285 , ' 

tt 

46-3 

—7 

22 

1*444 

•160 

77-9 

75-0 

23 

tf 

•210 

tt 

73-7 

24 

»» 

•215 i 

tt 

73-0 

25 

>) 

•800 

tt 

02-5 

26 

if 

•370 

• 

58-8 ’ 


From*these results it appears that so long as T is less than ’1^. seconds 
• (Z-f- Fp = *13) the calculated and observed pressures are in every case in 
close agreement. This agreement is substantially maintained until T = 
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about *21 seconds, while when T zzi *26 seconds, the mean error involved 
in using the uncorrected formula in this case is about 14 per cent. 

In a series of experiments carried out Ijy M. Joukowsky^ on cast-iron 
pipes of 4 inches and 6 inches diameter, having lengths of 1,050 and 
1,066 feet respectively, the time of valve closing being '03 seconds in each 
case, the observed rise in pressure agrees closely with the formula, 
p = 57 V. The following are Bome.of the results obtained by interpolation 
from the plotted results of these experiments. 


4-inch Pll’K. 


Velocity, feet per second .... 

‘5 

2-0 

3'() 

PO 

'TJ-O 

Observed pressure— lbs. per square inch . 

31 

IV) 

172 

228 

511 

p = 57 r ■ 

29 

114 i 

171 

228 

1 

518 

6 INCH PlPl?. 






Velocity, feet per second .... 


•6 

2-0 

3'() 

7-5 

Observed pressure — lbs. per square inch . 


43 

113 

173 

426 

p = 57v 


34 

114 

ih 

427 


_ 

_ 





The pressure in the last experiment, calculated on the assumption that 
the water is incompressible, is 3,585 lbs. per square inch, a result which 
sufficiently indicates the nature of the errors involved in extreme cases 
by neglecting the effect of elasticity. 

These sudden increii^es of pressure, commonly known as water 
hammer, may evidently become most serious with large values of and 
in such cases the ill effects due to the too sudden closing of a valve 

1 Stoss in Wasserleitungsrohren, SL Petersburg, 1900. The author has been unable to 
ascertain the thickness of the walls of these pipes. Abstract by 0. Simin in Trans. Am. 
Waterworks Ass., 1904. 
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Bliould be guarded against by a relief valve or ether similar device j^laced 
as near as convenient to the main valve. In the case of a pipe line for a 
power plant, where the head is not excessive ij is usual to provide a stand 
pipe, or simple vertical pipe capable of taking the whole discharge of the 
main, and open at the top to the atmosphere. This should be coupled to 
the supply main just before its entrance to the power-house, and the 
height should be so arranged that ^vhen standing under the statical 
pressure of the supply reservoir, the water level is within a short distance 
of the top. Under those conditions, the "maxim um pressure which may 
occur in the pipe line is that due to the statical pressure in the stand pipe, 
together with that necessary to produce motion up this ])ipo. 

It is usual in practice to make some allowance for possible water 
hammer by designing th(‘ pipes to withstand a pressure of 100 lbs. per 
square inch in excess of that due to the statical head, thus, in effect, 
allowing for an instantaneous stoppage at a velocity of 1*() feet per second. 


Sudden Opening of a Valve. 


^If the valve at the lower end of a pipe line be suddenly openodj, the' 
pressure behind the valve falls l)y an amount p lbs. per square inch, and 

a wave of velocity v towards the valve |?: (approx.) and of 


K'w 


J’ 


pressure p below statical, is propagated towards the ])ipe inlet. 

The magnitude of p depends on the speed and amount of opening of 
the valve, and if the latter could be thrown ^^’ido open instantaneously 
the pressure would fall to that, obtaining on the discharge side. In the 
author’s experiments, with the valve thrown open through *5 of a com- 
plete turn the maximum drop in pressure was 40 lbs. per square inch, 
the statical pressure being 45 lbs, per square inch. 

, With the valve opened through *10 of a complete turn the maximum 
drop was 20 lbs. per square inch, and with sIq of a complete turn the 
drop was 11 lbs. per square inch. In each case the lime of opening was 
less than *13 seconds , 

In the case of a horizontal pipe, or one which is so situated that the 
absolute statical pressure is everywhere greater than p, this pressure 
wave reaches the pipe inlet with approximately its original amplitude, 
and at this instant the whole Column is moving towards the valve with 
velocity V and pressure p below normal. . " 

The pressure at the inlet is, however, maintained normal, that th<lf 
Tfrave returns from this end with normal pressure and with velocity iv. 
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At the valve this wave is reflected with a velocity which is the difference 
between and the velocity of efflux at this instant, and with a 
corresponding pressure. As the velocity of efflux will now be greater 
than V, the wave velocity will be less than v, and the rise in pressure less 
than 'p above normal. This 
wave is reflected from the inlet 
to the valve, and here the cycle 
is repeated, the amplitude of 
the pre^ssure wave diminishing 
rapidly until steady flow 
ensues. 

Fig. 108 shows the diagram 
obtained by the author from 
the experimental pipe line under these conditions. 

Where the pipe slopes upwards towards its iiilet^ so that, beyond a 
certain pt)int in its length the absolute statical pressure is less than the 
drop in pressure caused at the valve by sudden opening, then on the 
passage of the first wave of negative pressure the wave motion becomes 



l^'m. 108. 



Cfosecf. 

Open - Steady flow 


Fio. mi 


partially discontinuous after this point is reached,^ and the wave travels 
on to the inlet with a gradually diminishing amplitude. The amplitude 
with which it reaches t?le inlet, and which will be probably 2 or 8 lbs. 
per square inch loss than the absolute statical pressure at inlet, decides 
the state of velocity of the reflected wave. This m\\ evidently be less 

^ Actually l)efore this, since water gives up its dissolved air rapidly when the pressure falls 
to within 2 or 3 lbs. of a complete vacuum. 

H.A. 



than ill the preceding case, and under such circumstances the wave 
motion dies out very (piicldy. As the valve opening becomes greater, the 
efficiency of the valve as a reflecting surface begomes less, so that with a 
moderate opening the pressure may never even attain the pressure due to 
the statical head. 


This is shown in Fig. 109, which is a diagram obtained by the author 
from the experimental pipe ,Une whmi the outlet valve was opened 
suddenly (time <*13 seconds) through half a complete turn. 

Neglecting the effect of elasticity of the water column, the velocity of 
efflux accompanying a sudden valve opening may be obtained as follows : 

Imagine the effective valve opening to assume instantaneously a 


tion (6), (p. 225), now becomes 


while equation (9) becomes 
(ho 


- Oo 


dt 




__ ^'0 dVo 
dt a ' di' 

Equa- 

[ v^dx + c 

(C") 

1 0 


■ ( 9 ") 


or /c . 

dt 


■t'O 


where 




2 lao 


. ma* 


m’ 


Prom this we get 




1 . c + ”0 , t 


- ^ log + 1) = 

2c c — Vo 

while since Vo = 0 when < = 0, we have D = 0. 

I 1 — ^ 


Vo = c 


feet per second^ 


( 11 ") 


( 12 ") 


giving the velocity of efflux at an instant t seconds after the vftlVe 
Opens. 


* “ Water Hammer” ante cit., p. 51. This formula receives close experimental confirmation 
&K)m the results of experiments on the velocity of flow down (he drive pipe of \ hydraulie^ 
fMa," published in the Bulletin of the University of Wisconsin. No. 205, 1908, p.T 43. , ! : f 
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As t increases, this approximates to the value c or 

V ‘2 </h 

m 

dr 

By substitution in (0") tlie value of -J at any instant and therefore o| 


dv 


may bo obtained, and knowing this the*presBure behind the valve may ' 

(It , 

be readily obtained. 


Examples. 


(1) Experiments by Dr. Lainpe on the 16-inch asphalted pipes 
of the Dantzic main gave results which for velocites between 1*6 
and 3-0 feet per second agree with the value as deduced from the 
h 

formula - = *000371 -j j^,. Determine the corresponding values of / in 


/ 

the formulae h = 


2 y m 


when V = 1*6 and 3*0 feet per second. 


Answer. ( 


•00531. 

•00485. 


(2) Darcy’s experiments on a cast-iron pipe *617 feet diameter give the 
result y=: *000380 with fair accuracy. Determine the velocity of 

flow and the discharge per minute from a similar pipe 1,000 feet long 
under a head of 50 feet. 

Answer ^ Velocity = 2*893 feet per second. 

1 Volume = 51*9 cubic feet per minute. 

(3) The following is a convenient mnemonic for flow in clean cast-iron 
pipes of diameters between 2 and 6 inches with a velocity of 3 feet 

per second; h = ., where h is in feet, d in inches. Taking Unwin’s 

25 a 

exponential formula as being correct, determine the percentage error for 
pipe diameters 8, 6, 9, a^jd 12 inches. 

( 3 in. diameter. Error — *62 per cent. 

fl J9 tf "t" ft 

9 + 9-9 „ 

12 „ „ „ + 16*4 „ 

(4) W. Cox (Engineering (1892), p. 613) gives the following formuto 

■ * R 2 ' 
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for flow in clean C. I. pipes :—h — 
values 


Cl 
(1 {in.) 


where 0 has the followinrr 

f 


Velocity (ft. per sec.) 

L'l 

1 ^ 

/ 

/ ^ 

/' 


/ ‘1 ’1 


C 

•0058:^ 

•020 

■■ 

•oitis 

•ocs.s 

[• 

•102') 

•H;1 j -191 1 '245 

•80() •87.^ 

i : 







1 1 

1 


Compare these with tlie values obtained by using Unwin’s formula, 
nd determine the per cent, difference for a 3 inch and G inch pipe at 
elocities of 2, 4, G, and 10 feet per second, 
answer. 


' 

Velocity f.s. 

'he per cent, error of 
the approximate 
formula is 

1 


2 

4 

6 

10 

^ 3 in. pipe • 

+ 10^/, 

- 

- 7-13% 


G in. pipe - 

+ 14*7% 

+ 2-13«/„ 

- 

- TO% ■ 


(5) The jet of a Felton wheel has an effective diameter of 2 inches, 
[he supply pipe is G,000 ^t long and is an asphalted pii)e 15 inches 
liam^ter, ’ and the supply head is 800 feet. Determine the probable 
lischarge in cubic feet per second, and the horse-power of the jet.. 
\.ssume = *972 : f = *0050. 

Answer. Velocity of jet = 218 f.s. ; discharge = 4*75 
cubic feet per second ; 39G horse-power. 

(6) With a given slope, a clean cast-iron pipe 9 inches diameter, is 
bund to give a discharge of 25,000 gallons per hour. Determine the 
lecessary diameter of pipe, having twice the slope, to give a discharge of 
50,000 gallons per hour. (Take Unwin’s values for the index of d and 
)f V, p. 202.) 

Answer. 10*8 inches. 

(7) The outlet valve from a main 5,000 feet long is closed in 1 second. 
Determine the rise in pressure if the initial velocity of flow is 4 feet 
per second, and the pipe is rigid. 

Answer. 264*8 lbs. square inch. 
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(8) A uniform pipe, 200 feet long, is fitted with a plunger which, 
originally moving at 6 feet per second, is brought to rest uniformly in 
1*5 second. Assuming jthe water to be incompressible, determine the 
pressure on the piston caused by the retardation. 

Answer. 10*70 lbs. per square inch. 

(9) If, in the above example, the plunger is driven from a crank 1 foot 
long, and making 100 revoliilif)ns per minute, and with S. H. motion, 
determine the pressure produced by retardation at the end of the strokp. 

Answer. 295 lbs. per square inch. 



CHAPTER IX. 


Losses in a pipe line— Hydraulic gradient — Losseaat Valves Bonds— Elbows— Exit — Flow 
in long pipes Time of discharge through pipe line— Ef|uivaleiit diameter of uniform 
main— Branch mains — Multiple supply — Bye-paas— Distribution of water- Pipe line 
accessories— Syphons — lnverte<l Syphons — Flow' through nozzles — Form of nozzle — 
Maximum discharge of kinetic energy through a nozzle. 


Am. 71. — Pipe Line Lossias. 

In constructing a pipe line to connect two reservoirs, or to distribute 
ihe discharge from any reservoir, the problem which usually presents 
itself to the engineer is that of determining the minimum size of 
jipe which, under given conditions of head loss, shall be capable of 
iischarging a given quantity of water per minute. In the construction 
)f a supply pipe line for a power station, the problem is much the 
jame, and in every case it is first of all necessary to determine ^the 
jonditions involving loss of head, and the magnitude of these losses. 

Commencing at the supply end of the pipe, we have 

(1) Loss due to friction and eddy formation at the entrance to the 
fipe. 

(2) Frictional losses in th^ pipe itself. 

(8)« Losses at valves, sliiffes, etc. 

(4) Losses at all elbows, bends, or deviations from the straight. 

(5) Losses at pipe junctions. 

(6) Losses at sudden enlargements, or contractions in the area of the 

Jipe* ; , , 

(7) Loss at exit, due to the rejection of kinetic energy. 

In every case these losses are approximately proportional to the 
tquare of the velocity, so that if v be the velocity we may write total loss 
)fhead = iH7 = I^’?A 

Where a pipe line connects two reservoirs, the difference of head 
)etween their free surfaces must then equal F for the pipe to run full 
vith velocity r. ‘ ^ 

If in Fig. 110 a horizontal A B be drawn through the upper free 
lurface, and if a series of ordinates be drawn vertically downwarijs from 
representing on the vertical scale of the drawing the total loss of 
)resBure energy per lb. from the pipe entrance to the particular pomt 
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considered, the ends of all such ordinates being connected give a curve 
called the hydraulic gradient for the pipe line. If now any datum 
line C D be taken, such •that the height C A represents the potential 
energy of the water at Ay the height of any point on the gradient line, 
above C D, will evidently represent the head available for producing flow 
at that point, while the pressure energy at all points on' the hydraulic 
gradient will be zero. It follows that it a series of open stand pipeS 
are erected at various points on the pipe line the free surfaces in thesft ' 
pipes will lie on the gradient line, while the pressure in the pipe at any 



point will be measured by the vertical distance yi, y^t otc., of that point 
below the gradient. 

The slope of the hydraulic gradient is termed the “virtual slope 


of the pipe. 

Fig. 110 represents the hydraulic gradient for the pipe line shown 
in elevation, which consists of a parallel pipe P Q, having a sudden 
enlargement of section at Qy remaining parallel from Q to 2i, and dis- 
charging at li into the service reservoir E. 

Here a h represents frictional and eddy loss at entrance : h d repre- 
sents frictional loss frofu P to Q = ft.-lbs. per \h.: d e represents 


O' 

)S8 due to sudden enlargement of section = — — ft.-lbs. per lb. 

^ / represents loss due to friction between Q and li = ft.-lbs 

ler lb. : f k represents loss due*to rejection of fenetic energy at exit. 
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The vertical distance from the datum to the broken line ah d ef k, 
low represents the sum of the (kinetic + pressure + potential) energies 
it any point, and if c fj be drawn parallel to W at a vertical distance h c 


lelow h d, e(|iial to the distance from the datum to the line c g 

low gives the sum of the (pressure + potential) energies at any point 
Tom P to Q, If similarly a Ihie h k bcMrawn parallel to e f\ at a vertical 


listance below this e(pial to 




the whole line a h c g h k now repre- 


lents the hydraulic gradient for the pipe. 

The pressure in the pipe line will 1 h‘, everywhere greater than that of 
ihe atmospliere, so long as the pipes nowliere rise above the hydraulic 
gradient. If part of the iiipe line be laid above the gradient line, the 
pressure in this portion of the pipe will be less than atmospheric, and 
uiy leakage at a joint allows air to be drawn in with a possible stoppage 
)f flow. If the pipe rises above the gradient lino by a distance 
iquivalent to the baroim^tric height, feet, the flow will of necessity 
jtop completely. Owing to the discharge of dissolved air from water at 
: 0 w pressures, the maximum height practically attainable is however 
much less than this. The syphon (Art. 82) is an instance of the pipe 
line being above the hydraulic gradient. . 

If then the suflixes A and E refer to the surfaces in the two reservoirs 
md if and Ze are the heights of these free surfaces above some datum, 
we have, if the pipe disch^^es below the surface in the lower reservoir 
' ^ Z^^ — Ze = A^h: = losses at entrance + losses in pipe 
+ Ipsses at exit. 


Art. 72. — Detailed Losses in Pipe Line. 

(1) Losses at Entrance. — These dejx^nd on the form of entrance 
adopted. Thus with a bell mouthpiece the loss of head is about *05 

feet of water (p. 119), while with a pipe projecting into the reservoir 
and forming a re-entrant mouthpiece, the loss, when running full, is * 

^ feet of water (p. 118). 

Where the pipe opens flush with the side or bottom of the reservoir 

the loss of head becomes about *47 5 “- feet (p. 117). 

yrom what has already been said, it will be seen that thjs loss of^; 
energy occurs simply in getting the ^{^ater into the pipe, diie to the 
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foriiiaiion of a vena contracta and the subsequent re-enlargement of the 
stream to fill the pipe. This reduces the energy available for producing 
motion along the jupe aijd gives a 
reduced flow with tlie same total 
liead. 

(‘2) Frictional Losses in the Pipe. — 

These have been considered* in 
pp. 195-210. 

(8) Losses at Valves, etc.— The loss 
of energy caused by the presence of 
a valve or sluice in a ])ipe line may 
be looked upon as being due to the 
sinuous motion set up by the expan- 
sion of the stniam to fill the lupe, 
after its contraction in passing the valve and, l)y an application of 
the formulae deduced on pp. 83—91, this los? can, except for irregularities 
in design which themselves cause sinuous motion, and which may, even 
when the valve is wide open, cause a loss of head amounting to as much 
as from one to ten times 2//, be approximately determined. 

Loss caused by Sluice in Eectangular Pipe (Fig. Ilia),— Depth of pipe!). 
l)e])th of sluice oi)ening d? 



d 

1 

1 -il 

! 

•2 

I 

•4 

1 

•5 

1 - 

•0 

7 

•8 

•9 i 

1-0 

F 

193 

' 44*5 

1 

17'8 

8-12 

i 

4*02 

2-08 

•95 

•39 

•09 

•00 


Here contraction is prevented in three directions, and for small 
openings the result of this is marked by the reduction in the value 
of F. 


Gate Valve in Circular Pipe (Fig. Ill h ). — Let h = ratio of height of 
opening to diameter of pipe. 


h 


i • 

f 

1 

i 

I 

i 

i 

1-0 

F 

- 

97-8 

17*00 

6-52 

2-00 

•81 

•20 

•07 

•00 


^ Loss = ¥ — 2 ^ feet. Results due to Wcisbach. 
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Cock in Cylindrical Pipe (Fig. 112 a ). — Here a = area of section through 
valve : A = area of pipe : B = angle through which valve is turned. 


9 

6° 

10° 

15° 

20° 

25° 

.80° 

35° 

40° 

45° 

a 

A 

•93 

•85 

•77 

•09 

V 

•61 

oo 

ITS 

■ 

•46 

•385 

•315 


•05 

•29 

•75 

! 

1 

1*56 

i 

31 

' 5-47 

9*68 

17*8 

31-2 




e 

50° 

55° 

(10° 

65° 

82° 

(t 

J 

' -25 

.•19 

•14 

•09 

1 Valve 
closed. 

F , 

52-6 

106 1 



206 

486 




Throttle Valve in Cylindrical Pipe (Fig. 112 These experiments 



@ ® 
Fig. 112. 


wpre carried out on pipes and valves of slightly under 2 inches 
diameter. 

Experiments on a gate valve for a 24-inch pipe^ gave values of Fas 


9 


10° 

20° 

30° 

40° 

5C° 

60° 

70° 

•00° V 

F 

•24 

•52 

1-64 

CO 

10*8 

32-6 

118 

751 



“ Transactions American Society Civil Engineers,” 181)2, vpl. 26, 
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indicated in the following table 


h 

1) 

1 

* i 

1 j 

i 1 


F 

•8 

1*6 

3*3 

22*7 

M - — 

41-2 


, . t 

This loss due to alteration in area and shape of section is serious m 
nil hydraulic machinery when working at high velocities, and especially 
in machines of the piston type. Here, for efficiency of working, it is 



Fl«. 113- 


above all things important that the velocities should be kept as low as 

'"wL* .1 »d ih. .1 «.ii» 

> tom i. iWoptlj changed, a. al a sharp hand or elbow, a 
is experienced which appears to be due to the formation of a vena con- 
trocto on passing the elbow and to the subsequent re-enlargement and 
shock which then takes place (Fig. 118). With an easy bend, recent 
experiments! Brightmore show that the state of affairs is very 

STl water flowLg round the bend with a motion app^xi- 
mating to that in a free vortex, its velocity being 
and least at the outside of the bend. In t ese experi / 
shown that in such a case the loss duo to the bend does nolf 

1 » Frooeedings Institute Civil Engineer.,” 1906-7, vol. 109, p.^lB. 
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much in the bend itself as in the portion of straight pipe immediately 
following, where the equalisation of velocities in the stream of water 
gives rise to eddy production. Using cast-iro^- pipes of 3" and 4" diameter, 
the loss in the bend itself was found to be almost identical with (some- 
times less than) the loss in a corresponding length of straight pipe. 
From this point of view it is probable that the loss occurring with a 
bend of uniform curvatui;e will bet largely independent of the angle 
through which the bend is taken, and that a bend of say 45" will cause 
little less resistance than one of 90". Also, as is confirmed by experi- 
ment, the resistance caused by a reflex bend will be much greater than 



Fig. 111. 


that caused by two simffar bonds having continuous curvature in one 
direction. 

The first experiments of any note on the resistance of bends are due 
to Wekhach, who from experiments on pipes of inches diameter, 
deduced the formula 

hs = loss of head due to bend = X Toao 

Z fl loU" 

where 6 is the angle through which the bend is carried. 

For circular pipes, F has the value j^lBl -f l'B47 where r is' 


the radius of the pipe, and R the radius of thi^ bend. 

For pipes of rectangular section, F = *124 -f 3*104 where 

is the length of side of a section parallel to the radius of curvature of tl^ 
bend. 

' These experiments were, however, not numerous and were ^ly 
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(Hit on bends of small radius, so that not much reliance is to be placed 
in the results. 

For sharp bends or elbo\Ys (Fig. 113), Weisbach deduced the formula 
Loss = F TT— feet 

where F = *9 10 sin^ + 2*05 sin^ , 

6 being the angle of deviation of the elbow. 

With a tee branch pipe (Fig. 114) the loss is rather greater than in a 
right-angled elbow (see p. 250). 

Eeceiit experiments by the author on elbows of rectangular section, 
J ill. X 1 in., showed the loss to bo proportional to for all velocities 
up to 22 feet per second, and gave the following values for F: 


1 ' 


d 

90^^ 

00'" 

4.5° 

30° 

15° 

F. (Author) 

... i 1*20 

•492 

•263 

•111 

•0240 

F. (Weisbach) ... 

... j -oo 

*365 

•183 

•0728 

•0222 


Those correspond to the relationship F= *0000676 where 6 is in 
degrees. The values are considerably greater than those given by 
Weisbach’s formula, and while the difference may be due to some extent 
to the difference in the shapes and sizes of the passages, recent experi- 
ments on elbows of circular cross section, see p. 254, tend rather to 
confirm the author's value when 6 — 90°. 

Experiments bj Alexaudery^ b;, and by Brirjhtmoref^ the 

former using varnished wooden pipes of IJ inches diameter, Williams 
using asphalted ])ipcs of 12, 16, and 30 inches diameter, and Brightmore 
Using cast-iron pipes of 3 and 4 inches diameter, indicate that the 
additional loss due to the curvature of a pipe does not, as might be 
expected, diminish uniformly as the radius of curvature increases, but, 
after attaining a minimum value for a value of li = 5 r (Williams and 
Alexander), ll = 7*5 r (Brightmore), increases slightly to a point where 

1 “ Proceedings Institute ('ivil EngiiieerR,” vol. 159, p. 341. 

“ “Proceedings American Society Civil Engineers,” 1901, p. 314. 

* “ Proceedings Institute Civil Engineers,” 1906-7, vol. 169, p. 315, 
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R = about 13 r, and afterwards diminishes to zero with a curve of infinite 
radius. The experiments further show that the power of v, to which 
the loss is proportional in a gradual bend, if the same for the bend as 
for the straight pipe. Alexander, as the result of his own and of 
Williams’ experiments, concludes that the additional loss due to a bend 
of radius = 5 r, is equivalent to that offered by a length of straight 
pipe equal to 3*88 Z, where is the length of the curved portion of the 
pipe. Thus if the angle of the bend is 90*^ this makes the equivalent 
length equal to 13*8 where d = pipe diameter in feet. This agrees 
with the results of a number of experiments made at the Yorkshire 
College,^ from which it was concluded that the resistance of an easy right- 
angled bend is equivalent to that in a straight pipe 10 to 15 diameters in 
length, while for a sharp right-angled bend or elbow the equivalent length 
is from 80 to 86 diameters. 

Brightmore’s results point to the fact that for all curves of the best 
radius, for all diameters of cast-iron pipes and for all velocities, the 
additional loss of head due to the curvature in a right-angled bend is 


approximately equal to *8 ^ feet. 

^ ^ I 

The following values of F are deduced from Brightmore’s results 


Value of jR -f- r. 




Vel. f.s. 

Elbow. 

4 

8 

12 

1C 

20 









Pipe, 8" diam. 

5*0 I 

1*14 

*48 

*32 

*87 

*82 

*26 , 

a 

7*6 

1*26 

*48 

*82 

*40 

*83 

•19 

ft 

10*0 

1*17 

•42 1 

•81 

•89 

*35 

•19 



• 

Value of i? “ 

r r. 





Vel. f.8. 

Elbow. 

4 

8. 

12 

16 

20 

Pipe, 4" diam. 

5*0 

1*14 

•37 

•26 

•87 

•26 

*28 

ff 

7*6 

1*19 

*38 

*30 

*81 

*27 

*21 

ft 

10*0 

1-17 

•89 

*30 

*82 

*80.- 

•2i ; 







* 



Engimmng^ September 26, 1896, p. 390. 
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Experiments by E. Jf\ Hchodcr^ on right-angled bends having radii 
from 1*34 to 20 pipe diameters, on a 6-inch wrought-iron pipe, give the 
following approximate valijos for F. The resistance curves appear to 
attain a minimum where R = 10 r : rise to a maximum for R = 14 r ; 
attain a second and lower minimum for R = 80 r ; and afterwards show 
increased values as R increases within the limits of the experiments. 


• • 


Ycl. f.s. 

R~r. 

2 08 

5 

10 

15 

20 

30 

40 

5 

•41 

•80 

•86 

‘89 

•36 

•34 

•41 

10 

•45 

•32 

•27 

•34 

•27 

•23 

•87 

16 

•49 

•36 

•34 

•38 

•82 

•28 

•40 










The general conclusion to be drawn from the foregoing results is that 
R should be about 30 r for minimum loss of head, while if circumstances 
forbid the use of bends of such great radius, R should be between 5 and 
10 r. Values of R less than 5 r, or between 10 r and 20 r, should be 
avoided where possible. 

Loss of Head in Commercial Screw Pipe Elbows and Tees. — Experiments 


Loss OF Head in Commercial Elbows and Tees. 


0) 

Experiinentor. 

(2) 

FittiiiK name uiid 
typo. 

(3) 

Velocity in 
pipo fpnt per 
second. 

(4) 

Excess loss 
of hoad 
caused by 
tilting 
fe«t of 
water. 

(5) (6) 

Length of straight 
pipe required to 
give same excess 
loss ofltead 

(7) 

Value of 
F in loss 
of head 

If 

(In feet) 

(In pipe 
dia- 
meters) 

Bain . . 

5 -inch black mall. 

2 

0*051 

1*54 

23 

0-821 


elbow (old) 

G 

0*29 


» 




10 

1*10 

» 

n 

0*72) 

It • • • 

J-inch galv. mall. 

2 

0*0355 

1*08 

16 

0*57) 


elbow (new^ 

5 

0*200 

i> 

M 

0*631 



10 

0*78 

1) 

« 

0*60 J 

19 * • • 

1-incb black mall. 

2 

0*047 

1*90 

23 

0-76) 


elbow (old) 

5 

0*27 

it 

II 

0*70 1 



10 

1*02 

•» 

u 

0*07) 


1 “ rroceedings American Societjr Civil Engineers, ” 1908, pp. 34, 41C — 446. 
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fiOss OP Head in Commercial Elbows and Tees {continued). 


0) 

Experiiiieiiter. 

(^) 

Fitting name and 
type. 

1 

(3) 

VHlooity in 
pip« leut i>cr 
second. 

• 

ExCPSS lo.S8 
of head 
cau.sad by 
fitting 
feet of 
water. 

(■>) 

Length of 

pipe letp 

give sain 
loss of 

(In feet) 

CO 

straight 
-Uiod to 

0 exeoss 

head. 

(Til pipe 
dia- 
niL'tei .s) 

(7) 

Value of 
F ill loss 
of head 

'lit 

% 

Bjiiu. 

1-inch cast-iron 

2 

' 0-0(i3 

2-5.5 

31 

1-02 



elbow (old) 

5 

0-3(;5 



0-95 




10 

1-37 

n 

T» 

0-90 


Davis. 

2-inch mall, iron 

2 

0 016 

4-81 

28 

0-71) 


clljow 


0-28 

5-82 

34 

0 72[ 



10 

107 

6-46 

38 

0-69 j 

11 

2 - i n c h cast-iron 

2 

0 OHO 

8-37 

49 

1-29 

) 


Ohow 

0 

0-52 

10-8 

63 

1-31 




10 

2-01 

12-3 

72 

1-32 

) 

Daley 

3 -inch cast-iron 

1 

0 00H8 

5-58 

20 

0-57 



elbow 

5 

0-211 

6-20 

21 

0-51 




10 

0 84 

6-07 

26 

0-54 




20 

5-15 

7-23 

28 

1J-53J 

, , 

4 - i n c h cast-iron 

1 

0-0107 

9-10 

27 

i 

0-69' 



elbow 

5 

0-231 



U-61 




10 

0-8h 



0-58 




25 

5-10 


o 

0-54, 


.Schodcr . 

0-iuch casf-iron 

3 

0-077 

15-3 

30 

0-55 



elbow 

5 

0-105 

14 -4 

28 

0-50 




10 

0-75 

11-5 

29 

0-48 

r 



10 

1-IK) 

14-7 

29 

0-48 j 

1 

Davis 

2-inch cast-iron tec 

2 

0-115 

12-0 

70 

1-851 



and plug (water 

^ 5 

0-74 

15-4 

90 

1-91 



leaving branch) 

10 

2<)2 

17-6 

102 

1 -88] 



Same tee (water 

2 

0-089 

9-3 

54 

1-43] 

1 


entering branch) 

5 j 

0-60 

12-5 

72 

1-55 




10 

2-52 

15-2 

88 

1-631 

1 

Daley 

3-inch cast-iron tec 

1 

0-0392 

24-9 

96 

2-53) 



and plug (water 

5 

0-950 

27-9 

104 

2-45 



entering branch) 

10 

3-76 

29 8 

115 

2-43 




25 

22-65 

31-8 

123 

2-33] 


II » 

Same tee (water 

1 

0-0242 

15-4 

59 

1-56) 



leaving branch) 

5 

0-563, 

16-5 

64 

1-45 




10 

2-22 

17-6 

68 

1 - 43 ] 




25 

13-40 

18-8 

73 

1-37J 


.H 1. • 

3- inch cast-iron 

1 

0-0202 

12-8 

50 

.V 1-30) 



toe and dearl end 

5 

0-352 

10-6 

41 

, 0-91 



(water entering 

10 

1-41 

U-2 

43 

0-91 ( 



branch) 

25 

8-65 

12-2 

47 

^ 0-89 J 
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I.osa OF Head in Commercial Klbows and Tees (rimtinurd). 


0) 

Experimenter. 

(2) . 

Fitting name and 
tj pc. 

(2) 

Volont.v in 
pipn fdpt per 
second. 

(4) 

Excpss loss 
of Iwad 
causoci by 
fitting 
fret, of 
wat/Oi. 

1 

Daley . . 

Same tee (water 

1 

D-D 101 


leaviii" branch) 


D-275 



ID 

MO 



25 

7-40 


4 -inch east -iron 

1 

D-D29I 


tec and plug (water 

i) 

DODD 


entering branch^ 

ID 

2-1H.5 



25 

11*80 

. 

Same tee (water 

1 

0-0223 


leaving branch) 

5 

0-483 



10 

1-82 



25 

10-70 


4-inch cast-iron 

1 

0-0191) 

” 

tee and dead end 

5 

0-455 


(w'ater entering 

ID 

1-75 


branch) 

25 

10’40 


Same t-co (water 

1 

0-0175 


leaving branch) 

r, 

ID 

0- 378 

1- .OO 



25 

9-20 


4 - i n c li cast-iron 

1 

0-0173 


ice filled in to 
make a stjuarc 

ID 

0- 427 

1- 06 


elbow 

25 

10-40 

11 

S-inch coupling 



1, 

4-inch coupling 





- 

. 


(:>) 

(0) 

(T) 

jpiigUi of straigiit 


pipe required to 


give HUino excess 

Value of 

loss of lioad. 

F in loss 



of head 


(In pipe 

«. jri 

i 

(In foot) 

diii- 



nietei’s) 


10-2 

40 

1-04 \ 


8-2 

32 

0-71 


9-2 

3(5 

0-75 


10-4 

4D 

076) 


21-8 

73 

1-88 


22'7 

07 

1-55 


21-8 

04 

1-41 


20- 1 

59 

1-22 

1 

» 



18-9 

55 

1-44) 

[ 

1K3 

54 

1-24 1 

f 

L 

183 

54 

1-171 


19 2 

54 

1-ioJ 

1 

10 9 

50 

1-28^ 


17-1 

51 

1-25 


17 0 

52 

1-13 


177 

52 

1-07^ 


14-9 

44 

1-13 


14-3 

42 

0-97 


15-1 

44 

0-97 


15-7 

40 

0-95 


14-7 

43 

1-12 


10-2 

48 

1-10 


10-7 

49 

1-07 


17-7 

52 

1-07 


0-25 

1-0 


0-05 

1-9 



iip 


by Professor E. W. Schodcr, Measrs. D. H. Daley, P. Bum, and G. J. 
Darts, ‘ on common cast-iron and malleable-iron short turn, screw end 
elbows and tees in wrought-iron pipe lines give the resets shown in the 
following tables. The range of sizes is from J inch to G inches 
In these fittings the inside “ burr ” at the ends of the pipes, caused by the 
wheel pipe cutter, had been reamed out. Two sets of experiments were 
carried out with each tee pipe. In the one, a short length of pipe with a 


^ The Cornell Cicil 20, No. 3, December, 1911. 
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cap was screwed on to the idle end forming a dead end,” while in the 
other the idle end of tl^e tee was capped directly by a screw plug. 

(5) Losses at Sudden Changes in Section of the Pipe.— These have been 
already considered in Art. 33. 

(6) Losses at the Exit from the Pipe. - Where a pipe discharges below 
the surface, it is possible by using a diverging outlet, to convert a certain 
proportion, up to about §, of the kinetic energy of pipe flow, into 
pressure energy. With this exception the whole of the kinetic energy is 
dissipated in eddy production in the surrounding mass of water. 

With a given difference of surface level in the two reservoirs, the de])th 
of immersion of the pipe entrance or of its exit does not in the least 
affect the flow, since, although the difference of level between entrance 
and exit is increased by lowering the exit or by reducing the depth of 
immersion of the inlet, yet the pressure at which the water is discharged 
is increased, and that at which it enters the pipe lino is reduced, by a 
corresponding amount, so that the effective head producing flow is 
unchanged. 

Where discharge takes place above the free surface, the pressure at the 
exit is atmospheric, and the energy at this point exists solely ii^ the 
potential and kinetic form. If represents the height of the outlet 
above the free surface the equation of energy now becomes 


or Zji — [Zk + hg] = los^t entrance + losses in pipe + q— . the whole 

of the kinetic energy being rejected in this case. 

Where a pipe is composed^ of a series of lengths having different 

diameters, the total loss of head in the pipe will be given by 2 ( ^ 

^.2 ^ ^ 

where F represents the loss in any length of pipe having the velocity 

* ^ f) 

flow r. Since the velocities in the different sections of the pipe are 
inversely as the areas of these sections, the whole series of losses can. 
4h^n be expressed in terms of a single velocity, and this having been 
determined the discharge may be calculated. 

As an example of the application of this reasoning to the solution of a 
specific case consider the following. 


Example. 

A 6rinch main takes water directly out of the side of a reservoir at a* 
depth of 10 feot. At the end of tho first mile, in the Cf)urse' of which , 
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there are six right-angled bends having a radius of curvature of 6 inches, 
it is suddenly contracted to B inches diameter, and remains of this dia- 
meter for 2 miles, until itS exit directly into the side of a second reservoir 
at a point 2 feet below tiie surface. The difference of surface level in tbo 
two reservoirs is 220 feet. Determine the flow through the pipe per 
min rite. 

Taking the losses in the order in which they occur we have 


(1) Loss at entrance 


'5 Ij. (ill eddy formation) where vi = velocity* 

2 it 


in (i-inch pipe. 

(2) hrictional losses in one mile of 6-iuch jiipe. Taking 


2 <j m 


feet. 


(3) Loss at six bends in 6-inch pipe. 


= 422*4 feet. 
^9 


~ -^-g (p- 255) 


= 216 y- feet. 

(4) Loss at sudden change of section. 

Assuming a vena contracta to be formed of sectional area equal to *66 

that of the B-inch pipe, we have, if V 2 be the velocity in this pipe. 

j CaM 1 ) -‘iOti r/ 

Loss = — 1 r ~ feet. 

2 (f I 66 i 2 (j 

Since ^ = 4, we have Joss at change of section = 4*25 V feet. 

?;i 3^ ’ ^ 2 ^ 

(5) Friction loss in 3-inch pipe. 

/ I 16 


This equals 


2 g VI 


2 // m 

16 X *01 X 2 X 5,280 


( 1 ) 


2 g 


feet 


= 27,083-(!-''- feet. 

2 (I 

(6) Loss at exit. 

Since the whole of the kinetic energy is thrown away, the loss will be 
_ 1^. ^1“ , , 
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+ 2-3 + 4-2 + 27,033-6 + 16} 

= 27,479 feel. 

2 (I 

Since the prcBSures at the entrance 7> and exit 1) are those 
corresponding to their depths below the free surfaces, viz., 10 feet and 
2 feet, we liave, neglecting the velocity before and after leaving the 
<pipe~- 

Head before entering pipe z= Z^t + 10 = Z,i. 

Head after leaving pipe = Zj, + '2 = Z,,:. 

.*. Loss of head in pipe = Z ^ — Zp^ = 220 feet, 


27,17!);/ 


. _ / 04-4 X 220 _ .7- 

'‘“.V 27,479 - 

^2 = 2*868 feet per second, 
, *717 X TT . . 


‘717 feet per second, 


Quantity flowing per second 


ibic feet, 


= *141 cubic feet per second. 

In gallons per minute this gives { *141 x 6*24 X OO}. 

= 52*8 gallons ])er minute. 

If it be required to find the diameter of pipe necessary to give a 
certain discharge between two reservoirs, the difference of level in the two 
reservoirs being fixed, on expressing the fact that the total difference of 
head is equal to the sum ^ the pipe losses, we have, if 
I = length ; d = diameter of pipe ; v = velocity of flow ; 

7/ — difference of head in' reservoirs ; Q = quantity required per 
second in cubic feet. 

K' 4 f I K" /;2 

77 = (at entrance) + friction) + ~ - (at exit). 

^ 0 ^ 9 ^ ^9 

•If we have any bends or obstructions in the pipe, The losses caused by 

these may all be expressed as K"' so that if = {K' + K" + K”') 

^9 


we have 




Also Q = i’ X area of pipe, ,\v = i Q k 

II = f K + i/i j feet, 

an equation from which the value of d may be obtained by^graphicaf 
solution, by trial, or bv successive approsimations. 
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Aut. 7B. — Flow in Long Pipks. 


A consideration of the preceding example will show that in a long pipe 
the losses at bends, at entrance and exit, and at changes of section, are 
usually so small in comparison with the friction losses as to be negligible, 
so that for a long pipe connecting two reservoirs, the whole resistance 
may be taken to be given by 




_| fetit head 


"" 2 g m 2^/1 mi 7/<3 

vi, V 2 i ®tc., being the velocities, and mi, m^, etc., the hydraulic mean 
depths, in tlie lengths k, k, etc., of the pipe. 

In short pipes the losses due to velocity changes become of ^eater 
importance as the length of pipe diminishes, and for pipes of lengths less 
than 100 diameters will, in general, be important. 


Art. 74. — Tnin op Disciiaroe Through an Uniform Pipe Line. 

If two reservoirs of area Ai and are connected by a single pipe of 
diamet( 5 r d and length /, and if v be the velocity in the pipe when h is 
the difference in surface level in the two reservoirs, we have 

7-2 


feet. 


2 1) { d ) 
where K = coeflicieiit of loss at entrance iind exit. 

If the i)ipe is long this may be written 

j [ without sensible error. 

1 If { d ) 




In 

Also 


this ease r = y/ ^eet per second. 


dh 


- = rcilative velociify' of surfaces Ai and A^ 


.11 
A 2 1 


^ I 1 

•T 1 

d h j 2 (] d TT d^ 

4'/T"~4 

The time {h - 0 = ^) necessary to reduce the difference in level from 
7/1 to 7/2 is then got by integrating this expression between the given 
limits 


dh _ / 2 hjI tt d^ i 1 1 M J~jr 

r/'?- V 4yT* 4 ’ lAi'^ A^l " 



202 HYDRAULICS AND ITS APPLICATIONS 

$ 


_ Ih^ I sees. 


2y77_ 

1 1 I I 

Thus the time of filling a reservoir from a second reservoir Ai, whose 
level remains constant, i.c., Ai = cc is given by 


t = 


2_V /7 . Jo 

IT J 2 


1 

//l- 


secs. 


Art. 75 . — Equivalrnt Diameter of an Uniform Main. 

The diameter of an uniform pipe which will give the same discharge as 
that 'df a pipe of variable diameter when laid between the same points 
and under the same conditions as to head, may be determined by equating 
the resistances of the two pipes. 

If Ih k, otc., be .the length of portions of the pipe having diameters 
dh dk, dii, etc., and velocities of flow, iq, r-j, v^, and if L, 7), and V refer 
to the uniform pipe, we have for the same flow 

. 5! V 

(1) 


2 fi 111 2 (j I Ml ni 2 ) 


or 


2 (f ill 2 (f I nil 

nT - VdT + -I, + jir 

The discharge Q in cubic feet per second is given by 

77 Trdi^ 

4 


4 

F: 


'V 




1 * 2 , etc., 


4 4 Q 

77 7)^ 77 di 


4 Q , 

: etc. 


77 r/o* 


So that equation (2) becomes. 


77^“ 
7 ) = 


iu 4> _L h 

di^~^ d^^ 7Q 


+ etc. I 


L 


(i) 




This neglects losses due to the changes of section between the lengths 
fi, 72, etc., and will only be true when the pipe is so long, and the number 
oi changes of section so small or so gradual as totrender this loss sensibly 


With a pipe which has a large number of sudden enlargements in the 
direction of flow, \ve get 
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+ ^ { (’’i - + (®2 - ’•a)’’ + etc. } + ^^ 

The last two terms majr be written as 

FM. . /7.| ^_L fv./Il! . o -- . . 


+ 2 2 — 2 (fi Vi + Vi Vs + etc.)"] 

."‘ , -• ■• 


•■• ]/ ~ " (f* , 1 * ^ ry '(a" ^ J 

from which, when di, d^, etc., are known, the value of I) may be 
determined. 

AiiT. 70 .— Branch Mains. 

Where a large main is divided into a number of branches, ^/i, r/ 2 » d^y etc.* 
of different lengths and dis- 
charging into reservoirs against 
different heads, the flow along 
each of these branches may 
be determined as follows. Let 
Fig. 114a represent the arrange- 
ment diagranimatically, the 
reservoir A supplying the pipe 
a, which in turn supplies the 
reservoirs jB, C, and D through 
pipes h, c, and d. Let Zst 

Zc, Zp represent the heights i,4a. 

above some common datum, 

of the free surfaces in the respective reservoirs, and let Zj represent 
the height of the junction .7. J^et r^, r,, etc., represent the veloeitiss 
in the various pipes, and let A,„ A„ etc., represent their areas. 

Then „ , , ... .i.. 



Fia. lUA. 


^ Pj j- TT represents the 

= Zj + 1^*1" 'loss of head from A to J. 


Similarly 




( 2 ) 

( 8 ) 

( 4 ) 
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m 

Also if all the pipes run full we have for continuity of flow 

= A ^^6 + ( 5 ) 

Since, in these five equations, the only unknowns are tlie four velocities 
and the pressure at J (the losses JIj, jTIji, etc., being determinate in 
berms of the velocities), the equations are perfectly determinate and a 
solution will give the velocities in the various pipes in terms of known 
quantities. The quantities discharged jihrough each pipe may then be 
determined. 

’ Example. 

A reservoir A supplies three supplementary reservoirs B, C, D through 
a single 24-inch pipe divided at J into two 12-inch and one 18-inch pipe 
leading respectively to reservoirs B, C, and 7). If the lengths of these 
pipes are = 500 feet, = 1,000 feet, 1, = 1,500 feet, = 3,000 feet ; 
and if = 50 feet, = 30 feet, = 10 feet, X,. = 20 feet, Xj = 
10 feet, determine the velocities of flow in each pipe. Take / = *005, 
and neglect all except friction losses. 

Here jJIj in equation (1) above becomes 

*0^5 X 500 X 4 Va _ 5 

2 2 g ~ 2 g ' 

Determining all such values, and substituting, equations (1) to (5j 
ibove become 


Pj ^ 0 — 10 

29 • 

( 1 ) 

- .19 - 10 

w 29 

( 2 ) 

- 29 = - 30 

M 2 g 

(3) 

- >’9 = - 20 

11 2 g 

(4) 

fa = <•». + 1\ +;i-23 Vi. 

(5) 


Subtracting ( 2 ) from ( 1 ), (3) from (4), and (3) from ( 2 ) we eliminate 
and get. 

6r,.» + 19r,» = 40/7 (6) 

29 r/ - 39 = 20 (7) 

29r/- 19 r,2 = 40.9 . ( 8 )' 

Determining and i\i in terms of i\ from equations ( 6 ), (7), and ( 8 )> 
ind substituting these values in (5), this becomes, on writing g = 32*2; 
tnd simplifying 

4 = V 11775 ~~3 16 + v^lf^-^*207l^ + 

. ’ o-or. . / io-n — 2 
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Writing this as 4 ■— «/> = F (rj (where is the right-hand 

side of this equation) and giving the value 

p*0 this makes {F = — 7*82. 

Putting = G*5 „ „ F (O = - 5*18. 

5 , = 7‘5 „ ,, F (r„) = + *2(). 

A Plotting these values of and F (?\,) we find that =r. 7-48 makes 
(O = 0, and therefore satisfies the above equation (9). 

' Substituting this value of v^^ in equations (6), (7) and (8) gives = 

7*08, = 8*79, r,, =: 6*89, while from equation (1) we have 

= 10 — f)4^ = 4*78 feet of water. 

][ 2 g 


Art. 77. — Multiple Supply. 

Where more than one reservoir or source of supply feeds into one 
common pipe, th(i surfaces of the 
water in the supply reservoirs 
being at different levels, it be- 
comes necessary to determine 
what share of the total flow each 
of these sources of suj^ply con- 
tributes. F.g.f in the case 
illustrated in Fig. 1L5 the two 
reservoirs A and B, with surface 
levels and Z^^ above datum, 
feed through 2 )i 2 )es of areas 
and Ai, into a common ihiie of 
area A^, at J, the joint flow 
passing into a reservoir at 0, 
with its surface at a height Z^ abi^ve datum level. 

Here we have 



Fio. 115. 








V 

2 


+ Anj 


ATIj representing the 
. loss from A to J, 




■^ 6 ' + jTIo — ^ 


( 1 ) 

( 2 ) 

(3) 


IV ' 2ff 

Also if all the pipes run full we have for continuity of flow 

Aa Va + Af, Vf, = A^ 1\. 

Then since ^77j, ^TJj, jHc are respectively proportional to v, 

and may be determined in termg of these velocities when the construe-? 


(4) 

2 

c y 
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tion and sizes of pipes are known, the .only unknowns are the three 
velocities t'j,, and the pressure pj. These equations may then be 
solved and the unknown factors determined.^ A similar method of solu- 
tion will apply to any case of multiple supply, with any number n of 
sources of supply. Here we shall have n + 2 equations formed, from 
which the + 1) velocities and the pressure at the junction may be 
determined. 


Art. TB.—Flow along a' Byk-Pass. 


If j)i and p 2 lbs. per square foot are the pressures in the main pipe at 

the entrance to and exit from the 
bye-pass pipe or diversion (I'ig. 
116), we have, putting V and v for 
the velocities in the large and small 
pipes respectively, 

Vi — P2 __ 4/L P _ 4/^ I 

W ~ 2 g 1) 2gd ^ 2 g 

where K ~ represents the loss in the bye-pass at entrance and exit and 
at any valves. 

From this we have, assuming / to have the same value in the two 
pipes, 




Y 1 

V2 


^ D f /, I 


If Q and q are the quantities flowing along the two pipes 
Q = -r- r<l = ~ 


Q_VD^_ 

q-'vcP~V L 15 + ^ ] 


’ s 




+ Kd 


The proportion of the whole flow which passes along the diversion 
is given by 

V T 3 

1 


3 = 
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Art. 79.— PiiOW innouGii Pipes coupler up in Parallel 
(Fig. 117). 

t 

Here pipes di, r/g, etc., of length Zi, Zg, etc, couple up two vessels whose 
pressures at the points of exit and inlet are pi and p2 lbs. per square foot. 
We now have 


- r = = = etc., 

ll 2//(Zi 

neglecting all losses except those due to friction. 

If y= total flow through pipes in cubic feet per second, wo have 




+ vq d^^ + etc.} 



.*. Writing r fZ^ = j — ■ ^ we get 

\J d 

o — . / w ( (h^ , d/ , d-^ , , 

And since > this becomes 

Iv 2^ cZi 


=V 


P1—P2 J_ 
W • 2/ 




Example. 

Determine the diameter of a pipe of length Z, to give the same 
discharge as two parallel pipes of the same length and of diameter d. 




2C8 
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Discharge from two small pipes — -j 
„ „ large pipe 


— £2 Jl_ 
ir ’2/'‘ il 

P \ 1^2 1 

0 . t ] A 


r> />. 

For same discharge 7)^ = 2 ^7^ 

]) = 2^* d = l-:]2 d. 

Thus, assuming the resistance to vary as lA, one pipe 1,5‘84 inches 
diameter would give the same discharge as two 12 -inch pipes. 

Assuming more correctly the results of the experiments quoted on 
p. 222, and taking 

Q = c(^^\ i / P\- 

\ I ) ir 

we should have in the above example, 7>-^ = 2 d'^‘‘^ 

1) = . d = 1';K)8 d, 

or one pipe 15*70 inches would now give the same discharge as the two 
12- inch pipes. 

This duplication in parallel of supply pipes is very common in large 
water supply systems, and is also of use where, in the case of a fire main, 
the pressure at the nozzle is insullicient to give the required velocity of 
flow. By coupling a second line of hose between the supply main and 
the hydrant box, the fall in pressure at the nozzle is much reduced and 
consequently a higher jet is^htained. 


Y Art. 80.— Main of TlNiFOjni Diameter in which the Discharge 

DIMINISHES as THE LeNGTH INCREASES. 

« 

In water mains for domestic supply, the main pipe is tapped at 
intervals by service pipes, so that the volume carried gradually 
diminishes. Let the rate of diminution be uniform and equal to q cubic^ 
feet per second per foot run of the iiipe. Let I he the total length ; H 
the total loss of head in the pipe ; Q the initial supply ; V the initial 
velocity of flow. Then the volume passing Sny point P distant x froija 
the entrance, will be — qx c, /’. s. Let be the loss of head up to 
this point. 

Then since the loss of head in a length hx at P 


/JjI's X = lit 

2 g m 2 2 wt \ 
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the loss //j;, up to P = o -“ 7 , 2 - I (/ 

A (j Hi ij I 


foot, 


feet, 


= ‘/J IV 

atid since, if (J^ is tlie flow at this point, Q = Q,. + (j.r, this can he 
written • » 

h = 

“ 2 // HI (/^ I 

At the discharge end of the pipe line Q^ = o; qx — Q ; x = L 

. ;r_ /Ki n ar\j_yfir^ 

or the loss of head is one third that occurring in the same pipe line if 
the flow were uniform instead of gradually diminishing. 


- Qx q + 1 


Art. 81. — Distrirution of Water. 

The consumption of water for domestic and trade purposes varies 
largely from town to town. Tn Great Britain the domestic supply ranges 
from about 18 to 25 gallons per head per day, while in the United States 
the consumption ranges from about 40 to 200 gallons per day. During 
the summer months the consumption per day may be as much as 40 per 
cent, greater than the average for the whole year. The hourly fluctuation 
in demand necessitates a maximum rate of supply about 33 per cent, 
greater than the average daily rate taken over 24 hours, so that the 
supply pipes should be sufficiently large to give a temporary supply at 
least 85 per cent, greater than the yearly average. It is usual to allow 
for a maximum rate of flow equal to at least twice the mean rate to be 
anticipated when reasonable increases of population have been taken 
into account. 

In order to render the fluctuating run-off from the catchment area, 
available for the fluctuating demand, a storage reservoir is necessary to 
catch and store the run-off when in excess of the temporary demand, and 
when the average monthly run-off and probable demand is known with 
fair accuracy, the necessary volume of this may be calculated. Usually 
the reservoir is at some considerable distance from the town to be 
supplied, and to avoid laying down a long pipe line to supply water at 
the maximum hourly rate demanded, and to minimise to some extent 
the inconvenience caused by a possible break in this line, a smaller 

service” reservoir, capable of storing about three day’s supply is 
constructed as near to the town as is convenient, and, if feasible, at fi. 
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lieight to pf»rinit the service mains to be snpi^lied with water under a 
pressure of from 100 to 150 feet. Where this is not possible it becomes 
necessary to adopt some pumping system* and to pump water under 
pressure into the pipes as required. 

Where the difference of level between the supply and service reservoirs 
is great, the whole of the supply pipe line may be put under considerable 
statical pressure if a valve' is fitted at its outlet, and tlie cost of a pipe 
line designed to withstand such a pressure may be excessive. With a 
view of reducing the maximum pressures, the regulating valve may be 
fitted at the pipe entrance, or one or more small reservoirs— bn own as 
break -pressure reservoirs— may be provided at suitable intervals in the 



line, as shown in Fig. 118. The Service level in each of these reservoirs 
. in the gradient line for the system, and the hydrostatic pressure in 
any length of the pipe cannot now exceed that duo to the next higher 
reservoir. • 

In order to reduce the risk of a total stoppage of the supply in case of 
accident to the supply main, the latter may be laid in duplicate, two 
pipes of smaller diameter taking the place of the single larger pipe. 
Where the lines are long, there should be cross connections with valves, 
so that in case of a break in either line a shorj] section only need be emt 
out. This gives a greater discharge than would be possible with the linfe 
single throughout. 

For pipes up to about 24 inches in diameter the cost of the pipe itself, 
•tihe jointing, excavating, and laying, is roughly proportional to the pipe 
‘Miameter, and the cost of a twin pipe with cross connections ani valves' 
IS about 50 per cent, greater than that of a single pipe line. For lauz^^i 



271, 


DISTRIBUTION OF WATER 

pipes, up to 72 inches diameter, the cost increases more rapidly than the 
diameter, being roughly proportional to its I’Sth power, and the cost 
of a twin line is about 80 pe?r cent, greater than that of a single line. 

Pipe Line Accessories. — Where the summit of a pipe line approaches the 
gradient line, and generally at the highest point of each vertical bend, an 
air valve should be provided to discharge any air which might tend to 
accumulate. This valve usually t*ikes the *form of a ball float which 
falls as air accumulates and allows it to escape. Fig. 119a shows a 
small valve of this type, while Fig. 1196 shows the type of valve fitted 



Fm. 119.— Air Valves. 


to the 42-inch supply pipe lines of the Loch Leven power works.^ In 
the latter case the float, working between guides, carries the air-valve 
spindle at its upper end, the upper portion of the valve casing serving as 
an air vessel to reduce sliocks in the pipe. 

Such valves also serve to admit air to the pipe line and to prevent the 
formation of a vacuum in case of a rapid eflux of water following a 
fracture at some lower point of the line. This is of importance in the 
case of large steel pipes#, which are usually too thin to withstand an 
external pressure of any magnitude without collapsing. 

To guard against the discharge of water backwards from the main in 
the case of a fracture occurring in an inverted syphon below the level of 
the discharge reservoir, or in any similar position, a reflux valve is 

1 “ Proc. Inst. C.E.;\vol 187., 1911-12, nt. 1. d. 28. 
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usually introduced at the inlet to a reservoir or near the outlet from such 
an inverted syphon. This consists of an enlargement in the pipe fitted 
with a diaphragm pierced with a series of Valve openings. These are 
furnished with flap valves opening in the direction of normal flow, and 
automatically close if the direction of the current is reversed. 

Where serious damage would follow fracture of a main it is usual to 
fit an automatic stop valve. « Such a'valve is placed, if possible, under 
comparatively light pressure, near a deep depression in the pipe line. In 

this type of valve a disc which is 
held by a lever, and projects into 
the water way, is thrown ^ck 
when the velocity ot flow exceeds 
a predetermined limit. This 
releases a trigger and an attached 
weight which closes the valve. 
'Ihe speed of closure may be 
regulated by means of a dashpot. 
Such an arrangement is shown 
diagrarnmatically in Fig. 120. Jn 
other valves of the same class the 
main valve is of the sluice type 
with parallel faces and is opened 
or closed by means of a loaded 
piston in a hydraulic cylinder 
surmounting the valve. Water 
under pressure is admitted to 
the under or upper side of this 
piston by a four way valve, 
^actuated either by the release of 
a trigger as in the former type, 
or by the motion of a loaded 
piston in an auxiliary cylinder which is coupled to the main. 

Where different parts of a town are at widely different elevations, the 
head necessary to supply the more elevated sections may lead to an 
sxcessive pressure in the more low lying portions of the, supply systeu), 
Sind in such a case it is usual to divide the area into zones at respectively 
lower levels, each zone carrying an independent distribution system fed 
from the main. The lower zones are then supplied through a series of 
reduping valves, each set to maintain the required maximum pressure 
its respective zone. In case of fire it is advisable that the full head fbe 



'"Fig. 120. — Automatic Throttle Valve. 
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available, and for this purpose the type of reducin*' valve shown 
diagrammatically in Fig. 121 has been devised.^ This consists essentially 
of a double-beat equiHbrium valve 
whose opening is normally regulated by 
the pressure on its discharge side. In 
case of an abnormal draught on the 
main, such as might occur in 6ase of 
fire, the pressure falls sufficiently low 
for the weight W to open the auxiliary 
valve F, and the under side of tlie 
plunger P is put into free communica- 
tion with the atmosphere. This causes 
the weight, and the valve, to fall to 
its lowest limit, giving an uninterrupted 
flow past the main valve. 

Two methods of lay-out are common 
in the demand area of supply systems. 

In the first of these a large main is 
laid through the centre of the district 
with branch pipes extending from it 
to form a gridiron covering all parts 
of the district, the outer ends of these 
branches being connected by a small 
main so as to eliminate dead ends. 

In the second system, commonly 
termed the “ring” system, a large 
main is laid to enclose the district, and from this main branch pipes are 
taken to form a grid covering the whole area. 

If both systems are designed to give the same discharge at the same 
pressure at all points of the district, the former system usually costs 
considerably less than the latter, and is to be preferred. 

Art. 82.— Syphons. 

Where a pipe line is to be laid to connect two reservoirs at different 
levels, over ground which is higher than either water level, the cost of 
excavation is often so groat as to preclude the use of a pip 3 line which 

I By Mr. G F. Deacon. This device is used on the distribution system of the Liverpoqj 
Water WorU. 



H.A. 
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shall fall below the hydraulic gradient, and in such cases a syphon 
(Fig. 122) is commonly used. 

In its simplest form this consists of an inWted U-tube (Fig. 12B), 
both legs being full of water, and the flow is generally calculated by 
equating the t )tal head producing flow, i.r., the head due to the un- 
balanced column of water or the difference of heads in the two 

reservoirs, to the sum of the frictionarand other losses in the pipe and 
of the velocity head produced. 


Thus = loss at (mtrance and exit + 


I being the total 

^gm 


length of the syphon A' B O'. 



This may bo seen by considering the flow along each leg of the syphon 
separately. 

Along A' B, we have 


P 4- 7 ,, A- Zu A- + loss at entrance, 

it . 4 


w 

Along B C wo have 

y 1 1 P/i - y 1 1 P'" 4. 

W~ 17+ (F + 2gm ■ 


. y y 4^ Pli P^'' I ■ 


^9 


W~ W 
I'rom (1) and (2) we get on adding 

7 - z — j- . -’-Ii _L /_L + xl 

- Z,., - + 2-j[ ^ m ^ ) 


(1) 


(2) 
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J^ut 


A' + 


Pa' _ 


Za 


7 4 - - y 

-r 








‘ 2 // 1 ■ m 

= loss at exit + Mcfcioii loss + loss at entrance. 

The iiHsimiption that both legs of the syphon 
run full is one which is not always justified in 
practice. Evidently the height B A must be 
less than the barometric height by an amount — 


A' 

2 (f m 


or we should have an 


absolute vacuum formed at points below 
and the flow would cease. Theoretically, the 
limit of possible How up the inlet leg is 
reached when the pressure at the summit B 
is absolute zero (—34 feet of water), ^ and is 
then given by tlie ecpmtion 
pA' 

W 


34 + 






m I 



Or writing K = *5 and Z^ for Zj + we get 


34 - (7j, 


7 ) — ^ ^ 1'^) A- 


Al 

'lit } 


the suffix (1) referring to the inlei; leg. 

If the actual How is loss than this, ia greater than zero, and we get 
an additional head aiding the flow down the outlet leg. 

The velocity of flow down the outlet leg with maximum How up the 
inlet is given by the equation 

2 g m 

the suffix (2) referring to this leg. 

If the syphon is to run full, we must have r 2 not greater than Vi 

^ i-slf-T/ri } 

* Actually less than this, becaTise of liberation of air at low pressures. 

T 2 
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or . 

84 — (/^/; — /j ji) 1‘5 III J li 

If the syphon be long, so that 1*5 m may bfc neglected in comparison 
with/ii we have 


or 


84 — (Zji — Z 4 ) h 


• t> ~ 

(z/-^Zo) 


Example. 


If 


Z^-Zc= 50 ft. 
I = 1,000 ft. 


h> 


1,000 X 24 


JO ft. 


50 


‘ = 480 ft 


01 the outlet leg will not run full if the inlet leg is more than 480 feet 
in length. t 

With a longer inlet and shorter outlet the flow up the inlet will not be 
able to keep pace with that down the outlet, and this will then run only 
partly full. Also the velocity up the inlet will not now be so great as 
with a shorter inlet, so that the discharge will be less. Evidently, then, 
the position of the apex o<!^the syphon has a great influence on the 
discharge. 

With a shorter inlet and a longer outlet, the total length being the 
^liame, the discharge will be unaltered, but the syphon will have the 
advantage of working under a greater absolute pressure at the apex, and 
is therefore less likely to be affected by ‘dir leakage at the joints. 

In practice it is necessary to place an air chamber at the highest point 
of the syphon, into which air gradually accumulates during its working. 
This air is then removed at frequent intervals, either by some form of 
air pump, or by means of a steam ejector. 

Where the syphon discliarges into the atmo^sphere, any failure of the 
outlet leg to run full, by admitting air to the apex at once breaks ^ 
vacuum and stops the flow. 

Figure 124 shows the hydraulic gradient for a syphon, the straight line 
' 4 C being the gradient line. In drawing this the only losses taken into 
account have been those due io friction. If a second line A' C te drawn 1 
^mllel to and at a vertical distance from A C equal to the barometMo \ 
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I 

height, the distance of the syphon below A' C will give the absolute 
pressure at any point. In the sketch, syphons A Bi 6', A Bs C, and 
A B^C are shown connecting A and C, all rising to the same height /f, 
above the surface at A. Here, although B 2 is not nearly 34 feet above 
Af an absolute vacuum would be attained before reaching B 2 and the 
syphon will consequently not work. A comparison of Q and0 shows 
that there is a greater pressure <-in the ai? vessel at Bi tlian at Ha> a^id 
the syphon 0 will thus run longer without removal of air from this 


a' 



chamber than will 0. Leakage at joints is not likely to have so serious 
an effect as with 0. 

Any accumulation or air at the highest part of the pipe Las the effect 
of increasing the pressure, and hence of lowering the line A' B\ Directly 
this line is lowered sufficiently to cut the pipe line the syphon ceases to 
flow. The air vessel should always be placed at the point of least 
pressure, i.e., at the point nearest to the hydraulic gradient line A' C\ 

If A' A" = C' C" = the line A" C" will give the hydraulic gradient 
^ 9 

taking into account change of potential into kinetic energy at the 
entrance to the pipe. The effect of this is to reduce the value of the 
ratio A B : B C, for both branches of the syphon to run full with 
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maximum discharge, while the true pressure in the pipe is now measured 
by the vertical distance between A" C" and the pipe line. 

Where a regulating valve is to be used on a^yphon, this should always 
lo placed on the outlet leg. 

A TIT. 83. — Invkrtbd Syimion. 

Where the pipes connecting two reservoirs cross a deep valley it is 
usual to use an inverted syphon (Fig. 125). The main pipe line is led 
into a storage tank at A, and out of a second tank at (7, the connection 
between A and 0 being made by means of the inverted syphon. This 
has the advantage of reducing the maximum pressure which may be 



brought to hear on the pipe line by the sudden closing of a valve, since 
the pressure at A cannot now exceed that of the atmo8])here. 

Here, as in the case of the ordinary syphon, the velocity of flow is 
given by 

or if Zj — Zc = II 


With an inverted syphon, an automatic valve should always he placed 
at the entrance, so that if, due to the bursting of a pipe, the velocity 
of flow attains more than its normal value, water may be automatically 
cut off from the pipe line. 

Art. -84. —Flow through Nozzle at end of Pipe Line, 

Where a supply of water moving with a high velocity is required, ns 
for fire extinguishing, or for the jets of an impulse turbine or 'Pelton 
wheel, a converging nozzle is fitted to the delivei’y end of the, supply 
pipe. ' (See also Art. 120.) 


2 9 


‘ 711 


2 0 
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The issuing jet now possesses high velocity ami its store of energy is 
almost entirely in the kinetic form. 

Theoretically, if pointed vertically upwards, and if no energy losses 
were experienced, the height of the jot would be the same as that of the 
free surface of the supply reservoir, or that corresponding to the pressure 
head inside the nozzle. The various frictional resistances, however, 
reduce the nozzle pressure and the issuing velocity, after which the^ 
resistance of the air and that due to the impact of falling particles of 
water tend to retard the upward motion of the rising particles, so that^ 

the height to which the jet rises is considerably less than that given by 
^.2 


h = V being the velocity of efflux. 

The following results are deduced from experiments carried out by 
J. T. Fannin fi^ with ordinary converging fire nozzles and with a stream 
slightly inclined to the vertical, so that the effect of the falling particles 
would not be so great as with a vertical stream. 


Nozzle 

diameter. 

Pressure at Nozzle. 

Measured Velocity 
of Efflux. 

Velocity tlieotoiieally 
oorreH]>oridiMK to 
Trjjijectory. 

I’ftreentajto, 
Actual, df- 
th core li cal 
height. 

1 inch) 

4()'5 Ihs. per sq. inch 

S3'l ft. per se(!. 

<>”•0 ft. per 800 . 

81-0 % 

1 M 1 

h'iO O „ „ 

12>1 „ „ 

SO-O „ ,, 

(WO % 

H ) 

M ,» ,, 

71M) „ „ 

0/0 ,, ,, 

8-l'0 % 

U )■ 

lo:}{) „ 

120\S „ 

80 0 „ 

(iH-a % 



so-o „ „ 

1)7*0 ,, „ 

84'0 % 

n M ) 

„ 

1200 „ 

80 0 „ „ 

6(i-(i % 

^ H i> ( 

41 -5 „ „ „ 

79*0 ,, „ 

07*0 ,, ,, 

Ka o % 

Ig „ ) 

NS'O „ 

11()‘9 „ „ 

800 „ 

6G-(i % 


Forms of Nozzle. — These are usually of circular section and may either 
converge uniformly to a short parallel neck at the orifice (Eig. 126 a), or 



Fig. 12G. 


have a convergence which becomes more gradual as the outlet iS 
approached (Eig. 126 /^). 

^ Etujtneenng iVmv, July 11, 
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( 

In either case, the coefficient of contraction is unity, and the coefficient 
of discharge about *98. 

The following values of the latter coefficienl^ are deduced from exi)eri- 
ments by Freeman^ on smooth conical nozzles. 


Diameter of nozzle 

u 

J in. 

r 

Jin. 

lin. 

IJ ill. 

IJ in. 

•Value oi C . 

•988 

•982 

•972 

•976 

1 

•971 


A form known as the ring nozzle is need to a less extent, and consists 
of a convei'ging nozzle having a circular orifice, which is fitted with a 
short annular ring of square section (Fig. Vlila). This, with a ring 
J-inch square, gives a stream having a vena contracta of area about *764 
times that of the orifice. The value of is about ’97, the coefficient of 
discharge being about ‘74. Since the efficiency of a nozzle depends 
entirely on thfe value of its coefficient of velocity (7„ the ring nozzle would 
appear to have no advantage over the ordinary smooth nozzle, and' in 
practice, with the same pressure head and size of nozzle, throws a jet to‘ 
a slightly less height. It has been proposed to use a small re-entrant 
mouthpiece, so as to form a Borda orifice in connection with this nozzle 



Fig. 127. 



(Pig. 1276), and to use this as a standard nozzle to experimentally 
determine the horse-power of a pumping engine, by measuring the 
pressure inside a nozzle or series of nozzles supplied by the engine. The 
coefficient of discharge of such a nozzle as shown in Fig. 1276 is given by 
Zeeman as *582. Since, however, the ordinary type of no:?.zle shown in 
126 a and 6 may be relied upon to give discharges which are identical ‘ 
iirithih the limits of practical measurement under given pressure cpn-., 


» Appendix, Table D. 
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dition 9 , certainly within 1 per cent., these nozzles are very satisfactory 
for such a purpose, this accuracy being quite as high as that attending 
the use of a standard weir for measuring purposes. 

The form of nozzle used in connection with the Pelton wheel is dis- 
cussed in Arts. 125 and 120. 

Velocity of Plow through a Nozzle. 

Let ^ , L, and Vj refer to the supply pipe,^ and a and Va nozzle 


Then->=^. 
1' A 


If H = supply head in feet we have 


+ I? + /. , 

“ 9. /I ~ ‘) 


2 (j m 2 (j 

where K and k represent the coefficients of loss at the entrance to the 
pipe and at the nozzle. 


Putting . -J we get 


11 = 


a , fl 




f. = V 


2.q// 


i + 1 c + k^ + LL^^ 

A m A^ 


( 1 ) 


Since k = '05 (approximately), while K -j is in general small, neglect- 
ing these terms we get 


/ igJI _ / 2g 

®. = V — 7r„-3 -V — T 

1 + 4r4r- 1 + 


ijlS 


( 2 ) 


mA^ * ' />' 

If p = pressure in pounds per square inch at the entrance to the 


nozzle and if 


^9 


= loss in nozzle 


/ 4*6 p g 

■■ '’“■"v 1 + /.^-^’ 


( 8 ) 




This formula may be used to determine /i, and hence the coefficient of 
velocity V U — k), by measurement of j? and of the quantity discharged 
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With a ring nozzle tht ^)receding formula becomes 
4*0 i> q 

I ' 

Vn 


V 1 + 


( 4 ) 


A‘‘ 


where is now the area of the vena contracta of the issuing stream. 

In any case, when k and the coefficient of contraction for any given 
nozzle are known, the valun of caw be directly deierrnired in terms of 
p. Then since the energy discharged at the nozzle per second 
IF a V-'' 

= 1-^ ft. lbs., 

we have the horse-power delivered at the nozzle given by 
IFr/,?’/ 

2//x'550 hmq 

( -- - - 


H.P. = 


•0017b Uc 


(0) 


ExAMPIiK. 

With a uniformly converging nozzle, 1^ inch diameter, taking k = ;0;h 
and assuming a supply pipe of 3 inches diameter, we have = a = area 

a 2 ] 

of inch pipe = *01227 square feet,, while ^ ~ 
pressure at the nozzle is 80 lbs, per square inch, we have 


H.P. at nozzle =4l7 X -01227 J .. 

I i-03 - -25 


= -0389 I 102-7 ) 5 
= 40-5 II. P. 

If water is supplied at the pipe -entrance under a constant pressure 
P lbs. per square foot, neglecting the difference in head between pipe 

/> 

entrance and nozzle, we have = 11, 

W 


Va = \/ 


2q 11 


ft. per sec. 


Without the nozzle we should have a = ^4, 7;^ = 


and 




= V “ 4 / / ^®®* 


1+7, 

so ihat the velocity Vvith, is greater than without tlic nozzle. 
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The discharge per second without the nozzle is given by 
X A = 's/ {--- 4 —^ I X A cub. ft., 

1 + ‘i- 

r/ 

and the kinetic energy by . Ax 62*4 ft. lbs. 

^ 0 


2 g J[ 


62*4 


1 + 


4 // r ‘ 2g 


D 


f 


.4 ft. lbs. 


With the nozzle, the quantity per second is 

2 g U 

4 X a 

1)^ 


X 


a — \/ 


1 + 


Q with nozzle __ 
Q without nozzle 


I 

(7)^ + 4//d')l lb ) 
77 (7727^ 

(77+ 4 ;/'/) 1 "1(7 ) 


_ / (/*"("7r+ '4/ /) ^ //> d-i + 47 /;v/4 

V (//' + 4/777) V 75 + 4 


(//’ + 4//,#) 7>' + 4;/777 

or the quantity passing the pipe is always less with, than without the 
nozzle. 

Since the kinetic energy varies as the product of two factors (the 
quantity and the (velocity)^), one of which increases, while the other 
diminishes as the nozzle area is increased, a maximum amount of kinetic 
energy will be delivered at the nozzle with some definite ratio of pipe 
and nozzle areas. 

To obtain this ratio we have 

V ^ 

K.E. with nozzle = ~ x 62*4 a‘ft. lbs. per sec. 


( 2 fi 11 


1 + 


4/Z# 


62*4 77 d® 
2.(/"x 4 


= 395 72 


77 


1 _L 4/ / 

A- Jj5 


ft. lbs. per see. 


895- 7)2 4 I ft, lbs. per sec. 

A [1 + --.^- 


( 6 ) 


( 7 ) 
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Differentiating this with respect to jf equating the r<‘siilt to zero 

we have the condition that the K. E. should4)e a maximum. This gives^ 

/) 

ID) “H//: 

/ Jl 

" • A 8j'l 

the dimensions being taken in feet. 

If for example the pipe supplying the noz/le of a Felton wheel be 1 foot 
in diameter and 500 feet long, tlui maximum K. E. is (lelLV(ii’ed when 

A V y X 5U0 f 

and if /■ = '01 this becomes 

CL (1^ 

By substituting this value of -j or of equation (7j a]»ove, the value 
of this K. E. is given. 

Thus (K. E.)inax. 

( 

= 895 X -158 / , 4 X -01 X 5()6 X ('158)“ ft- H's. per sec- 

1 j 


^ H ]i 

= ^ 1T50 f 

/a 

= 34 Jl^ ft. lbs. per second. 

If the Felton wheel have an efficiency of 80 per cent, the work done by , 
the wheel per second will be given by 

•8 X 34 //ift. lbs. 

27*2 a , ' 

= horse-power 

a 

’0495 7/^ horse power, 

>4(JC/0_/, I// a‘\ a 3 /jT'-i,/' «■ 

" I ^ 2 V ’ + ir 'x- " 7o -i' 

Equating this to zero we have * 

12/^ ^ 1 \fl flS 
' // ' U ^2 


* H / /• 


With a circular nozzle this makes d 


y i>» . 
V 
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Thus with a head of 100 feet the wheel would develop 49'6 horse- 
power. 

As the nozzle area is inci^ased, starting from zero, the power developed 
thus increases to a maximum of 49*5 H.P. with a nozzle opening 
a = *158 A , and then again diminishes. 

If in the above problem / be taken = *005, we get the maximum K. E. 

f^hen ^ = *224. The value of this K. E. = 48*1 11^ foot lbs. per second, 


so that with the same head and wheel efficiency the maximum power 
developed would be 70*0 H.P. 

In a fire nozzle, the problem is to obtain a stream moving with as high 
a velocity as possible, and this is evidently to be obtained by making the 


expression 




the denominator of the fraction 


expressing the velocity, as small as possible. This is done by increasing, 


'as far as practicable, the ratio -• 

(I 


In the case of the supply to a Pelton wheel, a stream carrying the 
maximum possible amount of kinetic energy is required, and as just 
demonstrated, this can only be obtained by having a correct ratio of pipe 
and nozzle area. With a smaller nozzle area the weight issuing per 
second is unduly restricted, while with a greater area the loss due to 
increased friction in the pipe, due to the greater velocity of flow, causes 
the velocity of efflux to be reduced to such an extent as to more than 
counterbalance the increased weight passing the nozzle. 

This fact may be of importance in the regulation of a Pelton wheel, 
which regulates its supply of water by automatic opening or throttling at 
the nozzle (see Art. 125). 

So long as this nozzle area h^s less than the critical value for the 
particular pipe, any further opening will admit more water and a greater 
supply of kinetic energy to the wheel. Above this point any further 
opening of the valve admits more water, but gives a smaller supply of 
kinetic energy to the wheel, which will consequently slow down. On the 
other hand, with a nozzle area greater than the critical value, throttling 
leads to an increased supply of energy being given to the wheel and to an 
increased speed. 

For successful governing the maximum nozzle area should not exceed 
that corresponding to the critical value, so that everywhere within the 

range of opening ^ may be positive, and the supply of energy may 
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increase with the nozzle opening. The carves (Fig. 128) derived from 
equation (6) of this article, show the kinetic energy (expressed as horse- 
power) delivered from pipes of diameters 1*0 find 2*0 feet, 1,000 feet long, 

under a head of 200 feet, with different values of the ratio The value 

A 

of /has been taken at *005. In each case the maximum nozzle opening 
for successful governing is that correpspondiug to the point K} These 



Fiu. 128. 


curves are worth study as denoting the great increase in available energy 
with the larger pipes. 

While the above investigation is interesting, it is not usual, in a well- 
designed pipe line, to come across a case in which the nozzle area is 
greater than the maximum for successful governing since this would 
entail a velocity of flow in the main much greater in general than that 
(8 to 6 feet per second) adopted in practice. 

Examples. 

(1) Two reservoirs are connected by a pipe 500 yards long. For the 
first 260 yards its diameter is 4 inches, increasing for the secorid 250 

I For a further consideration of this subject see an article by Professor John Goodman A 
Sngiiieeniig, November 4, 1904. 
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yards to 8 inches. A re-entrant mouthpiece is fitted at the entrance, 
whije discharge takes place directly into the side of the lower reservoir 
at a depth- of 6 feet below tRe surface. If the difference in the surface 
level in the reservoirs is 10 feet, determine the discharge in gallons per 
minute. / = *005. 

Answer. 121 gallons per minute. 

(2) A gate valve in a 12-inch cylftidrical C*. I. pipe is lifted through g 
of its full opening. Determine the equivalent length of a straight pipe 
offering the same resistance. /= *005. 

Answer. Z = 276 feet. 

(3) Two reservoirs of 80,000 and 10,000 square feet area are connected 
by a 6-inch pipe, 500 feet long. Initially, tlie difference *of surface level 
is 16 feet. Determine how soon the level in the two reservoirs will be 
the same. Take/ = *0076. 

Answer. About 69 hours. 

(4) Two reservoirs, surfaces 15 and 25 feet above a common datum 
feed through a 12-inch and an 18-inch pipe resi)ectively, into a common 
24 -inch pipe at a height 5 feet above datum level, while this in turn 
feeds a reservoir whose surface level is taken as datum. If the lengths 
of the 12-inch, 18-inch, and 24-inch pipes are respectively 1,000 feet, 1,500 
feet, and 2,000 feet, determine the velocity of flow in and the discharge 
through each pipe, neglecting all losses of head except those due to 
friction. Also determine the pressure at the junction of the three pipes. 
Take/ =*005. 

12 in. pipe, v = 4*62 f.s. Q = 3*62 c.f.s. 

,18 „ „ v = 7*22f.s. g = 12*76 c.f.s. 

Answer. , = 5*21 f.s. g = 16*38 c.f.s. 

Pressure at junction = 3*03 ft. of water. 

(5) Assuming Q a \/ -J- dSstermine the discharge from a 12-inch 

pipe, if a similar 8-inch pipe of half the length gives a discharge of 
10,000 gallons per hour under the same head. 

Answer. 20,153 gallons per hour. 

(6) A pumping engine supplies water at a pressure of 75 lbs. per 
square inch through a short pipe 20 inches diameter to a hydrant box, 
from which it is discharged by four parallel nozzles 2 inches in diameter. 
Taking the coefficient of loss in the nozzles to be *03, determine the 
water horse-power of the engine. 

Answer. 181 horse-power. 

(7) The difference of surface level in two reservoirs which are connected 
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by a syphon is 25 feet. The length of the syphon is 2,000 feet and its 
diameter is 12 inches. Assuming /= *065, and that the syphon rjins 
full, determine the discliJirge. Also if th^ vertex of the pipe line is 
16 feet above the surface level in the upper reservoir, determine the 
maximum length of inlet leg for the pipe to run full. Neglect all but 
friction losses. 

Answer. (/= -I'OO c.f.s. 

= 1,865 gallons per minute. 
Maximum length of inlet = 1,440 feet. 
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Flow in an open channel- Formulae Darcy and Bazin— Prony—Eytelwein— Kutter— 
Manning — Fidler— Tlirupp — Williams— Critical velocity — Form of channel™ Channel of 
constant mean velocity — Ccneral e(]uation of flow — Noti-uniform flow— Standing waves — 
Backwater function — Effect of dams— Bridge piers— Passage of boat through a narrow^ 
canal — Flow round river bends — Distribulion of velocity in an open channel — Erosion 
and Silting— Gauging of flow in streams and channels — Current meters — Floats— Pitot 
tube— Bating Tables— Gauging of ice coveied streams. 

Art. 85. — Flow in an Open Channel. 

The term “ open channel ” includes all rivers, artificial canals, 
aqueducts, and conduits, and, in addition, sewers and pipes of whatever 
section which run partially full, and which consequently do not present 
a solid boundary to every side of the contained liquid. The force pro- 
ducing flow cannot no^v he provided by any external head, but is solely 
due to the slope or gradient of the channel. 

If a circular pipe he laid almost horizontally and if the surface level 
of water flowing through the pipe be .allowed to rise, the change from 
the state in which the flow is governed by the laws appertaining to an 
open channel, to that in which the ordinary laws of pi[)e flow hold, is 
not abrupt, and it is to be inferred that a general formula is deducible 
which by satisfactory adjustment of constants shall fit either type of flow. 

Still, the comparative simplicity of the conditions holding in the case 
of a circular pipe, the complications which must of necessity he introduced 
where water flows through a channel of uneven section, and the ease with 
which accurate observations are made In the one case and the difficulty with 
which even such a fundamental observation as the difference in level at 
points widely distant is accurately determined in the other, render it 
impossible that the laws governing the flow in open channels should be 
so definite and of such universal application as those already considered. 

Assuming the resistance, R, to flow, to be proportional to the wetted 
perimeter P of the channd, this may be expressed as 

where /' is a coefficient depending on the condition of the surface and 
probably, from analogy to pipe flow, also on the velocity u, while n is a 
number probably varying from 1*79 to 2*00, depending on the surface 
and on the velocity v, and S = P X I, where I = length of channel. 

h:.a. ^ 
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If id = sectional area of channel beneath water line, and if we assume 
the resistance to be equally divided over the area we have, if = resist- 
ance per unit area of the Btrcani 

Here or m is the hydraulic mean deplli of Ibo section. 

If the channel be of uniform -slope ^ , where = sin 0 {0 Inun" the 

angle of inclination), then the weight of water in this length /, per unit 
area of the channel, being IF I lbs., the resolvcul part of this weight in 

the direction of motion = IF I ^ = IF h lbs. 

If the velocity is constant so that this force is entirely expended in 
overcoming friction and not in producing acceleration, we have 

W h = /' I c“ 


h 

or h = 


ri^ 
m 
j I 
2 g m 


In an open channel n may be taken as being sipproximately equal to 2, 
so that the formula becomes 

( 1 ) 

2 g m 

This may be written in the form adopted by Chezg, viz.^ 

i; = V ~ ~ . i = C V mi (2) 

J ^ 

where 

Many experiments have been devoted to determining the values of C 
or of f for channels having different physical characteristics, and the 
results of the more important of these are as follow, the numerical 
values of the coefficients obtained by the various observers being collected • 
and tabulated on pp. 293—297. 

Darcy and Bazin (1855- 9), as the results of experiments carried opt 
on the Bourgoyne Canal, gave C the value — where a and b 

(p, 293) vary only with the material and condition of the bed an^ side^ 
pf the channel. 
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I 

These channels were of many difTerent forms and dimensions; were 
lined with different materials, and had slopes varying from *001 to *01. 

Proiuf, from experiments by Chezy and Dubuat on earthen channels 
and on wooden channels of small secthm put 
a V h = m i 


or 



Til (5 cor 


[•responding value of / = 2 ^ 


A + 


where 


- = 22,472. A = -OOliOT. 

a 

\ = 10,607. B = -00286. 

b 


B 

V 


Kuiehrnn, from experiments on the Khine channel, gave the same type 
of formula, his coefficients being 

- = 41,211. A = -00719. 

a 


r = 8,975. n = -00156. 

b 


In both these cases the unit of length is 1 foot. With moderate 
velocities a v is small compared with h and may be neglected, when 
the formulae reduce to 


Proiiy V = Vvii = 103 Vm i. f = *00607. 

Eytehccin v = — — — = 95 Vmi, f = *00714. 

These coefficients, being independent of the condition of the surface, 
are obviously only applicable to channels having the same physical 
characteristics as those experimented upon. 

Bazin (1897), as the result of a very largo number of experiments^ on 
canals and conduits of all sections and dimensions, deduced for C the 
value 


t 


157*6 . , , 

,, in foot units. 
N 


N varying with the character of the surface. 

Values of N for different types of surface are given on p. 293. 

This gives a value of / = *000259 |l + "^^ ^|* 

D 2 
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HYDRADtICS ^ND ITS At'TiiiivAxiuno: 

Ifhis form of equation is in common use in France, and has given good 
^ults with velocities not v eeediiig 4 feet per second. 

''' ' Gavguillct and KnUer deduced the coeflicient* 

^ .... •002H1 , 1-8112 

c = in foot units. 

I •/ V m 


+ (41-Q.+ - 


ie equation being identical with that used for pipe /low. A' depends on 
he character of the surface^ and has values given on ]). 293. 

The complication of this formula is largely due to an atteiii])t to make 
it coftform to the results of experiments made on the Mississippi. In 
certain of these, however, the results should have been corrected for the 
error introduced by the use of double floats, while in others the slope of 
the water surface was too slight to be measured with any degree of 
accuracy. 

More recent investigations render it extremely doubtful whether the 
value of 0 does depend on i as this formula indicates, and the simpler 
formula of Bazin would appear to give results at least as accurate, except 
possibly in the case of very large channels. The formula is, however, o6 
very general application in Great Britain, India, Germany and the 
United States, and the inconveniences due to its complication are removed 
by the use of hydraulic tables which have been prejiared giving Uks valiu s 
of C for practically all values of i and of N, 

By altering the value of i in^his formula from *001 to *01, the value of 
C is altered by less than 1 per cent. For streams of fairly rapid slope 
the value of i may then be taken as sensibly ecjual to *001, in which case 
value of C simplifies to 


44*4 4- 


C = 


1 + 44*4 


1*811 

N 


Vm 


In very large rivers the flow is sensibly independent of the character of 
the bed, and for such a case Manning^ gives C the value 

C = 62 |l + :— ftot units. 

C = 34 

From the nature of the (jase it would appear hopeless to obtain any. 


1 + 


vm 

4 


;03 


I 


in metre units. 


» Inat. Civil EngineeiB of Irdanjl, December 4, 1889. 





strictly mathematical solution for flow in open channels ana nvorfl'Oi 
irregular section, and even to observe and record correctly the physical 
data required is almost ijnpossible. An examination of the results given 
by an application of the various formulae shows that for abnormal sectionfi 
or velocities a difference of 50 per cent, is not uncommon. 


CoEFFIOIKNTS FOR FlOW IN Ol'EN CHANNELS. 

> 


Character of Surface. 

• 

Da 

a 

rcy. 

h 

Bazin. 

N. 

JCutter. 

N. 

Smooth cement or planed timber 

•000040 

•0000045 

•100 

•009 40 -OK 

U nplaned timber, flumes, slightly 
tuborculated iron, aslilar and 
well-laid brickwork 

•000058 

•0000133 

•290 

•012 to -Olf 

Bubble masonry and brickwork 
in an inferior condition. Fine 
gravel well rammed 

•000073 

•000060 

•833 

•017 

Rubble in inferior condition. 
Canals with earth beds in very 
good condition 




•020 

Canals with earth beds in good 





condition .... 



1-540 

•0225 

Ditto in moderate condition 

•000085 

•00035 


•025 

Canals and rivers in rather bad 





order 

t 



2-355 

•030 

Ditto in very bad order 

•00012 

•00070 

3-170 

•035 


Here a channel is said to be in very good order when it is free froi 
boulders, hollows in its bed and banks, sharp bends, snags and weed 
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f 


When badly choked witli weeds the value of X in Rutter’s formula may 
become much pjreater tlian *035. The following values of N in the latter 
formula are taken from Jackson’s tables, and at"o probably slightly more 
iccurate than those given above. 


N. 

•009 

•010 

•012 

•013 

•015 

■017 


Planed timber accurately jointed — glazed or enamelled surfaces 

Smooth cement or plaster , . ^ 

Unplaned timber well jointed— new brickwork well laid . 

Unglazed stonework iron— brick and ashlar . 

Wooden troughs with battens inside, i inch apart 

Rubble set in cement 

If any of these are in bad order the next higher value for N is to be 
.aken. 

For convenience in ap[)lying the results of these.formulae the values of 
in the formula h = and of C in the formula v = C V vi i have 

2 fi m 

)een calculated and are tabulated opposite. 

The following table gives values of C in the formula v = C V m 

J57-r) _ 

N . 


jalciilated from Bazin’s formula in which G = 


Hydraulic 
njean Depth. 



Values of N. 



w ft . . 

. -lOl) 

-m 

•833 

vu 

235 

317 

•5 

137 

112 

>2 

50 

85 

29 

Y ro 

142 

122 

86 

62 

47 

38 

1-5 

ld5 

128 

94 

70 

54 

44 

2-0 

14() 

131 

100 

76 

59 

49 

2*5 

147 

133 

104 

80 

64 

58 

8-0 

14H 

135 

107 

81 

67 

56 

4-0 

149 

18H 

111 

89 

72 

61 

5-0 

150 

140 

115 

98 

77 

65 

6*0 

151 

141 

118 

97 

80 

69 

8-0 

152 

143 

- 122 

102 

86 

74 

10-0 

152 

145 

125 

10& 

9Q 

79 

16-0 

158 

147 

180 

113 

98 

87 . 

a0‘0 

154 

' 148 

133 

117 

108 

92 

25*0 

155 

149 

185 

121 

107 

96 

80*0 

155 

149 

187 

128 

no 

ip6 

" 60*0 

156 

' 150 ' 

144 

< 

129 

119 

108 



Character of Surface 




m HYDRAUlilCS AND ITS APPLICATIONS. 

t 

Bational Formula. 

From analogy with pipe flow it would appear probable that a formula 
the type ‘ 

where, as in the case of a pipe, n is in' general less than 2, would most 
nearly represent, tlie law of channel flow. 

Claxton Fidlrr^ has determined the values of /, n, and x from many 
experimental results of Darcy, Bazin, Smith, Stearns, and other observers, 
and the following table is abridged from values given by him : — 


Form of Section, 

Material of Surface. 

n 

X 

/ 

Circular 

Smooth neat cement 

1-75 

1-167 

•0000670 

Rectangular. 

)> it fi • • 

Cement and sand . 




Circular 

ff 

ft 

-0000787 


Smooth brick . 




Rectangular. 

Smooth ashlar 

ft 

ft 

-0000904 ‘ 

Circular 

]5are metal pipes with ri vetted] 
joints. . . . “.f 

1*77 

1-18 

•0000871 


Rough brickwork . 

1*80 

1-20 

•0000977 

Rectangular. 

Unplaned timber . 

if 

tt 

•()()00944 ■ 


Rough Brick wo^’k or ashlar . 

ft 

t* 

•0001122 

Circular 

Lined with fii# gravei . 

1-90 

l-8;i 

•0001202 

Rectangular. 

ft ff 

1*9() 

1-40 

•0001521 

»> • 

„ „ coarse gravel 

2T() 

1-7)0 

•0001862 

V 

Rublde masonry . 


tf 

•0002240 


While further investigation may shghtly alter these values, it is 
extremely probable that the final solution of the problem of flow in 
regular channels will be found in this type of formula. 

The pipe flow formula of Thruj^p 

where m is the hydraulic mean depth is also applicable to channel flow/ 
the following being the values of the quantities n, and x. When m 

is small, x 4- a ^ ~ 1 should be substituted for x, 

m 

^ ' , , ' \ 

,,, ; * Fidler, “ Calculations in Hydraulic Engfincerinw,” Part 11. (Longmans & Co.), .1902. 
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Surface. 

n. 

C». 

X. 

a. 


9 

..T .L . f*enii-circular section . 

1-74 

•OOOOGSO 

Mfir» 




•0000194 

MOO 



Brickwork, well laid .... 

2*00 

•OOOOGOO 

1-220 



Uo planed plank 

2-00 

•0000714 

1-220 



Brickwork, roui^h 

2(K) 

•0000780 

i-2r.o 

•0070 

•60 

Lined with fine gravel .... 

2-()() 

•0(|[)!3'J9 

1-320 

•0215 

•60 

Chigellecl masonry 

2-(H) 

•00012411 

1-320 

•0788 

•00 

liinexl with coarse gravel .... 

2-(H> 

•0002t)0r) 

1-410 

•1505 

l-OO 

Earth in fair condition .... 

2-00 

•00023G(t 

1-440 

•1518 

1*00 

Hough earth 

2-00 

•ooo2<;oo 

1-500 




The results obtained by this formula compare very well with those of 
Fidler, the latter probably on the whole giving the better results. 

Prof. G, S. Williams^ adopting this exponential formula, gives n and x 
constant values respectively equal to 1*9 and 1*25. The formula then 

becomes h = \ ox v — C X i where K and C have the 

following values : — 


Very smooth channels . 

c. 

180 to 190 

K. 

•00030 to -00085 

Unplaned plank .... 

145 „ 165 

•00045 „ -00050 

Sewer crock 

140 „ 160 

•00050 „ -00075 

Brick sewers .... 

180 „ 160 

•00050 „ -00080 

Earth channels .... 

60 „ 80 

•0010 „ -0020 

Rough natural channels 

40 „ 50 

•0020 „ -0050 


Art. 86. — Critical Velocity in an Open Channel. 

So far it has been assumed that in channel flow the resistance to 
motion is proportioned to some power of the mean velocity approximating 
to the second, but wliile this is undoubtedly true in all natural streams 
having a fairly rapid slope it is in all probability not the case where 
velocities are very low. 

It might, in fact, bo inferred from analogy with pipe flow that below 
feome “ critical ” velocity ^he resistance will be proportional to the first 
power of the velocity. The clear glassy non-distortive reflecting surface 
observed in any long stj-aigbt reach of a deep and sluggish stream tends 
to strengthen this inference, while the behaviour of small particles of 
suspended matter appears to show almost conclusively that at low speeds 
motion takes place in str 
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Experiments by Mr. E. C. Thrupp^ on the Thames and the Rennet 
the former having a mean depth of 7’() feet and the latter of 2*4 feet, 
showed that velocities of 005 feet per second in the former, and *64 feet 
per second in the latter case, were bidow the critical, and that for all 
smalle’’ values the velocity was practically proportional to the surface 
slope. The experiments did not, however, indicate the point at which 
the velocity-slope law cliang^xl. • 

Although, owing to the dilViculty of measuring such small differences of 
liead as are involved in How at low velocities, liccurate determinations are 
not practicable, yet the values (|uoted above show that this critical velocity 
is immensely high compared witli that calculated from lleynold's formula 
(p. 55) for a cylindrical })ipe of the same hydraulic mean depth. The 
existence of a critical velocity would at once exjdain the great discrepancy 
which in some cases exists between the results of experiments on channels 
. having similar physical characteristics, but with very different velocities 
of flow. 


Art. B7. — Form of Channel. 


Since for a channel of given sectional area /I, the hydraulic mean 
depth A P varies with the form of its section, while the resistance to 
flow increases as A -r- P diminishes, it becomes important to determine 
wliat form of channel will give the maximum value of A P for a 
given value of /I, since this will be the channel of maximum discliurge 
for a given slope. Further,^ this sectional area is a minimum, the 
cost of excavation is a minimum, and since in general tlje pcsrimcter 
increases with the sectional area, ^the cost of [)itching the faces of the 
channel is also a minimum. Theoretically, the best form of channel is 
d6e in which the bed is a circular arc, since this gives a minimum ratio 
^ of wetted perimeter to sectional area. 

An investigation into the properties of different sections will be simpli- 
fied if the coefficient C in the formula r = (J sj . ?, be assumed 


constant for a given surface. On this assumption we have:— 

Q = A V — C \/ . i cub ft. per sec. 

For V to be a maximum, ^ must be a maximum, so that d =.0 
PdA--AdP = 0. " ( 1 ), 


» “ Proc. lust. vol. 171, 1907-8. p. 346. 
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A” 

Again, for <J to be a maximum, is to be a maximum, so that 


(f) 


0 . 


n P d A - d P = 0. (2) 

Where A is lixed, d A = 0 and both conditions are satisfied if := 0. 


Example. 

(1) Rectangular Channel Inroad tli ^ b — depth d. 

Here A - d : P = ^2 b + ^ d =. + 2 tZ 

* ‘ d {d) - d'^ + 

Puitinp[ A = 2 b d and eipiating to zero, we have b = d. 

Putting the full breadth = />*, we liave d = i.e.^ for uiaximum flow 

the depth inust eiiual one-half the breadth. 


We then have 


= cV' “"'~i 

^ 2b + 2d 
= 2~i ■ hi 


( 1 ) 


(2) Trapezoidal Channel. — Fig. 129. 

Let b = half bottom breadth; d = depth ; s = cotangent of angle of 
slope of hides. 

Then A = 2 b d -f s d^ 

P = 2{h + d s/ 1 + /). 

For Q to 1)0 a maximum with a given area of channel or for the cost 

.1 d P 

of construction to be a minimum, it is necessary that = 0. 


P = 2 ] 


! 2 d 




iJ' 

d (d) 




But 
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For maximnin value 
of Q 


2 h d + 8 (P 


l< — B’’2b 


(1 + = {h + 8 df ( 2 ) 

But from the figure it will be seen that if a circle having its centre in 

• ^ sa the Hurface of the water can be 

g ^ i_ y drawn to touch the sides and 

V ^ y bdttom, we have 

■_ r.4/^r^T-‘ I r.l ‘ - j/ mn = b s (1; mp = m q 

"J - ^ -I - / ~ ^ ~ 

I .--1 and since (vi nf = (nt. jif 

(:» pfi the above equation is 
I I satisfied. These proportions 

U- b — J j then give the best results. 

I< — B’=‘2b — >> The value of s depends largo- 

ly on the material in which the 
channel is excavated. The following may be taken as the minimum 
permissible values. , 

Earthen canal with faced sides s = 1*0. 

„ „ „ natural „ 8 = 1*5., 

„ „ in light soil s = 2*0. 

The latter value is usually adopted for all unfuced earthern sides. 
Substituting this value o^ in equation (2) we have 
5 = {h + Uf 

,*, (f = 4*24 5 (3) 

For maximum discharge d = 2*12 B, where B is the bottom breadth. 

We then have Q = C . i 

2 (5 + (/ V 1 -p §2) 

Substituting for d from (2) we have 

Q = Vf 

VTcVl + 7” -•s)^ 

and giving s the value 2 

. (3 = 204 (7 cub. ft. per sec. 

’ if G and h are taken in foot units 


We then have 


Q = 36*1 C 
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Whatever the slope of the sides, the trapezium of best shape will 
that in which the sides are made tangent to the circle of radius = d 
having its centre in the surface, and as may bo readily shown, all such 

channels have the same hydraulic mean depth = f . It follows then 

!a 

that the velocity of flow when the channel is full will he independent of 
the slope of the sides, and will depend solely* on the gradient of the bed. 
The discharge of any two trapezoidal channels of the best form and of 
the same gradient and depths, ^^ill, when running full, be proportional 
to their respective mean widths. 

The following table indicates how the top and bottom widths for a 
section of this type, vary with the slope of the sides : — 




Width. 

Slope. 

of inclination of 



si<le.s. 

Top. 

Bottom. 


0 to 1 


2-000 d 

2-000 d 

•2!) to 1 

75^’ . 58' 

2'0r.2 d 

1*502 d 

*5 to 1 

. 20' 

2-286 d 

1-280 d 

•75 to 1 

53° . 8' 

2-500 d 

1-000 d 

1-0 to 1 

45° . 0' 

• 2-828 d 

•828 d 

1*5 to 1 

83° . 41' 

8-006 d 

•606 d 

2*0 to 1 

20° . 8 V 

4-472 d 

•472 d 

2-5 to 1 

21° . d8' 

5-385 d 

•885 d 

8-0 tol 

18° . 20' 

6-825 d 

•325 d 


Circular Section. — Fig. 180. 

Tjet d = diameter of circle. 

„ d = angle at centre subtended by wetled perimeter. 

Then A = — sin 6) ; P = 0 

o Z 

A = A / 1 — y Suppose d fixed, 
P f4 \ 0 / 



^ = tan d 

* 


For maximum velocity 
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For maximum discharge d [--jy I 

• 3 pAiL — j — 0 
^ ^ do do “■ 

8 0 (1 — cos 0 )~ 0 — sin 0 
^ i 6 — 3 0 sill 0 = 0. 

The value of 0 which satisfies this equation is 3()8'\ so iliat a ci 
COlidnit) will give its maximum discharge when tlie depth of \mi 
about *1)5 of the diameter, the discliargo then being about 5 [cir 
greater than when completely full. 

The discharge corresponding lo any depth of water is given by 

Q = C\/jl i 

-<■ V.^56 • * 


when 0 = 180^ = -t 

Q = d ^ V i. cub. ft. per sec. 

The semi-circular seciion when running full has a liydraiilic mean 
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depth of - , and since this is greater than that 

/ 4 

of any other form of channel of the same area, 
this section is well fitted for an open channel. 

Where a polygonal channel is used, the 
hydraulic nman depth is greatest when the sides 
and hottoin of the channel are designed so as to 
be tangent to*a circle having its centre in the 
water line, "t’he trapezoidal section and rect- 
angular section of greatest flow, are particular 


cases of this. Where vertical sides are to bo used the most suitable 
form of bottom consists of a circular arc, concave upwards. 


Channel of Constant Mean Velocity.— Wher» the depth of water in ♦a 
channel may vary within wide limits, it is in general desirable to design 
this BO that the velocity of flow may he as nearly as possible independent 
of the depth. Otherwise, in an open canal, the velocity may become so 
great as to damage the sides and bottom by scouring (Art. 97), while in 
a sewer, with low heads, the velocity may become insufficient to ^oduee 



the necessary flushing. On the assumption that = C V'm v where C ni 
constant, the only essential condition to be satisfied for v to.be ihde* 
pendent of the depth is iiat the hydraulic mean depth shall also he 
independent of tlie depth of water. 

Thus the required channel must have sides formed by a continuous 
curve such that the area hounded by the sides, and any two horizontals 
varies as the length of the arcs •intercepted between these horizontals. 
No curve can be found to satisfy these conditions, though close 
approximations may he obtained. 

Obviously, a rectangular section of great depth compared with its 
width would satisfy the conditions approximately, and especially if its 



bottom wT.re constructed so as to offer less resistance per unit area than 
its sides. 

A construction which gives accurate results between certain limits 
’may, however, he obtained as follows. 

In Fig. 181 hit .r he the half bread tli of the section at a height ?/ above 
M' M where the half breadth is h, and let a he the length of the arc M N 

The posiiioi\ of the axis ill' M and th(3 breadth b are usually fixed 
from a consideration of the minimum discharge to be expected through 
the channel, a trapezoidfil channel having an upper breadth Jl/' M (= 2 h) 
being designed to take this minimum discharge when running full. 
Let m be the hydraulic mean depth of this small channel, let p be its 
half perimeter, and a its half area. It is required to continue the sides 
of this channel so as to give a section for which the hydraulic mean 
depth A -i- P shall be equal to m for all depths of water. 


mi 
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Oonsidering the section of the complete channel to one side of the 
<nis 0 O', we have 

Y = = consLnt = m 

^ p + s 

a / X d y = 111 (j) + &■)• 
d s 

Differentiating, this gives = in 


But 


d y __ 


m 


d> X 

V 


Integrating this we have 


w = m cosh' ' — [- D 
^ m 


But x = h when y = 0 


= m logg. {x ^ x^ -- } + jy. 


J) z=: cosh’ ^ 


ry =. — m logf 


cosh~ 


' = m ^ 
=^'log« I J 


m 

h -f V — 111^ 

. h 


m 


— coslr 


’ ) 
m J 


+ X 


+ V j 


( 1 ) 

(2) 


From equation (2) the curve of the side may be plotted by calculating 
V^lges of 7/, corresponding to a series of values of x. 

Since ?; = 0 V mi this velocity with any given gradient may be 
adjusted to any given value by designing the small channel so as to give 
the re'quired value of m. The only restriction is that m cannot exceed 
6 4-2, this being its value when the lower channel is semicircular, or 
rectangular with a breadth equal to twice its depth. 

Example. 

To design a channel to give an uniform vefecity of flow of 4 feet per' 
second, the half breadth h being 2*5 feet, and C having a value 90. 

Here, assuming a rectangular section for the lower channel, of depth 
['2*5 feet, we have m =' 1*26 feet. 

.•.4 = 90VT26l 
i = -00168. 
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Again when a; = 6 we have 
y = 1-‘15 lo^e 

= 1-25 log. 


f 5 + - l-562'5 

1 2-5 + V^0^2^T5(j25 
5 + v^'33-4375 ) 


2-5+ V 4-(J875 ^ 
= 1-25 log, 2-108 
= 1-25 X 2-302 logic (2-108) 

= -933 feet. 


Obtaining a serioa of such values of y, corresponding to definite values 
of X, the section may ba constructed. For this particular example the 
following table shows how the half breadth of the section increases with 
the depth : — 


X 

2-5 

5*0 

10-0 

15*0 

20-0 

30-0 

50*0 

y 

0 

•933 

1-817 

2-320 

2*520 

2-832 

8*300 


The curve is a portion of a catenary, and, writing its equation in the 


form 


or 


y — 1 ) ___ 


cosh “ ^ 


VI cosh 




it will be seen that this catenary has its axis parallel to and at a distance 


(— D) = m cosh “ ^ — 
m 


below 



the axis M' M, while its ver- 
tex P is at a horizontal dis- 
tance VI from the centre line 
0 O' (Fig. 131). 

In a closed channel, or 
sewer, it is impossible to make 
the mean depth, and therefore 
the velocity, constant for all 
depths of water. To approxi- 
mate to this as far as possible 
the egg shaped sewer (Fig. 

182) is often used. In section this consists of two circular arcs centred 
at A and P, and connected by*a second pair of circular arcs centred 

H.A. X 


Fm. 132. 
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at C and C'. The proportions often adopted in practice are indicated in 
Fig. 132. 

Figure 133 a and h shows sections which are sometimes adopted for 
large sewers to the same end, the hydraulic mean depth being fairly high 
even with a small discharge. 

Effect of varying m or i. 


Assuming 

V = 

C V m i 

we have 

d V 



d m 

2 m 

or 

11 

. d m = - ~ 

z m 

2 m 


d r 

^ d m 


V 

”” 2 in 


Thus a small increase in m produces one-half its percentage increase 
in V. 

Similarly it may be shown that ^ so that in calculating /*, and 
therefore the discharge, from this formula, any error in the value 
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-assumed lor the slope will lead to one-half the proportional erros in the 
estimated discharge. 
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Q 


= c 


Again, since 

(/A ~ J^‘ 

(1 Q _ 3 (Iji 
* ■ Q "" ‘2 .1 ’ 

80 that, ii'igleiiting the smiU increase in tho vvcittcil perimeter accompany- 
ing an iiici-eaH(^ in deptli, any small increase in the cross sectional area 
produced hy such a change in depth will he acco npanied by 1'5 times 
this propertionai increase in the discharge. 

Again a,ssnniing A to he known and a small error to be made in the 
cstimaicHl value of 1\ we liavii 




the 


d 1 (I P 

* ’ Q ~ P ’ 

so that this error leads to o:i.;-ha1f tho proportional error in 
estimation of Q. 

Since tliese errors should Ix', scivenilly small and may all occur in the 
same direction, tlu^ total po.ssihUi error will he o(|ual to their sum. 

Thus if tho prol)a])le c'rroi' in tin; (estimation of i = p per cent. 

„ „ n „ ^1 = q por cent. 

„ „ ,, „ M tJfmt. 

The possihhj area in tlu^ (estimation of the discharge, assuming C to 

have its correct value, will he given by 

i V ~f~ \ -t 1 i. 

^ + I'o q ^ per c(mt. 


Art. Sft. 'GfiNrihu FajuATroN of Flow tn an Oj'kn Channel. 


Consider a steady stream of cross-stsctional area A, tlowing over a bed 
having an inclination 0 to tho 
horizontal, wlnere sin 0 = slope 

Let A B (Fig. 134) iTe any 
stream tube, the vertical depths 
of A and B below the surface 
being and 

Let he the loss of head in this stream tube from A to /?, due to 
frictional resistances. 

X 2 
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Then applunp^ Bni noulli’s equation of energy, we have 


Pj , ^'-1“ , „ _ Pit , nr I ^ 1 L 

Tr+2./ + ^^'“ n/+^ + -^^ + A. 

Let the difl’erence in the level of the water surface over the points A 
and IJ be r. 

Then + lu ~ Zji + + r 

= ^‘ + Pb - Va 


Pa . 

ir ^ 2 


II + '■ + ~ ~ ill + 


If the Hirenin is sensibly jianillel over the length /I 7^, as will be the 
case if 0 is nut laige, we have 

yjt = Va anil yp = ?/« 

7, 2 ,.2 








If now we imagine the area A divided into n elementary s(‘(dions,‘each 

A I ^ 

equal to — we get, for each stream tube of area — 
u a 


n * n 


•2 // ' n 


and, summing tliese over the whole section, 

If we assume that the velocity Is constant over any cross section, the 
^'4bove equation reduces to 

Ar=A^l + AB.i 

where is the total frictional loss between the cross sections at A 
and B, 

This is still true of the whole mass of water in the stream if th§ 
velocity at a cross section is not uniform, provided that the distribution 
of velocity is such that the total kinetic energy at that section is equal to 
the mass of water multiplied by the square of' the mean velocity at tbo 
section. In this case Vjj and become the mean velocities. Experi- 
ments by Messrs. Fteley and Stearns on the flow of water in the^Sudbury 
(j^pnduit, 9 feet wide and 3 feet deep, in which the velocity was nieasur^ 
' at S7 different points in a cross section, gave results showings that the 
y^error in assuming this to be -true was less then 1 per cent. Th^ 
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will be greater in a shallow channel having a rough bed, but in general 
the results calculated on this assumption may be taken as substantially 
correct. 

If p = wetted perimeter of section, and if (i")^ = nio:in square of the 
velocity from A to B 

f{rf 

' 

‘i n ‘ .-i 


A^^li — ‘ 


. P . /I 7i, 


If A B = '6 I we have r = — . , 
a I 


. /Of 

d r 


A B, 


d V 


B I, while if i'a = r, v^=zv + ^ ^ 


and (r)^ = (v + ^ where m is less than unity. 

So that, neglecting small quantities of the second order 


7?' = 
d I 


fr- P 

2 (f 2 (j A 


or 


(1) 


(/)•_(• dr /' 

d I <i' d I. ‘2 !i ■ A' 

This is the general equation of flow in an open channel, v being the 
mean velocity at a cross section, and though the assumptions made in its 
conception are not altogether justified by the result of experiment, yet it 
forms a useful guid(i and is capable of a wide range of application in the 
general prohlems of (diannel How. 

If Ji is the depth of water at A (measured vertically from the surface), 
the depth at B is given hy 

’'~ 'd 'r + 


Again the depth at B is given hy 


d h 
’ dV 


Bl 


iBl: 


dr ^ j , d h 

■dr^'‘+di- 
dh 


d r ^ 

dl^^ TV 


Substituting this value*iii (1) we get 
d h r 


_ I 

dl~ if (/./. 2// 




Bl 


P 


( 2 ) 


giving the general equation in terms of the sloi)e of the bed. 

The physical interpretation of this equation is that the total loss of 
(potential and pressure) energy per unit length of the channel, due to the , 
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diHchargc y,for since v = V 


fall in the level of the bed and in the dcipth of the water, is equal to the 
increase of kinetic energy together with the loss in fric.tion per unit 
length of clianncl. , 

For uniform flow such as occurs in a culvert with slope, velocity, and 

depth of water constant, we have = 0, = 0 

d I d I 

• . ._/<•" P 
" ^{f ■ A 

or the total ])otential energy is {ibsorhed in overcoming frictional resist- 
ances. Tins gives the relation between the slope and the velocity, or the 

I A 

,/■ ' 

. . V ui — Q — , 

so that for a given slope we can find the section for r to be a constant, 
and to give any required discharge. 

With a rectangular section, breadth h, we get for either uniform or 
non-uniform How, if b is constant and if Q is constant 

(j — r h h = CvUist. 

c h =■ const. 

.dr , d h 

(/ r ^ r d k 

"'’^di^^b 'dr 
Substituting ibis vahu', (‘([nation (11) becomes 

(///__ _'r^ d h P 

f "h 


dl 


dh 

dl 


fi h d I ' 2 II ' A 
_ 2 // A ' 


1 - 


( 3 ) 


If h 


^•2 (I ]i f 

Here — 1.11 represents the rate of increase of kinetic energy, 

(f lb d I 

with length, and shows that the K. E. increases when the depth 
diminishes, i.e., when - is negative. 

iv L 

If h be great in comparison with /i, we may write ^ = -i 

A h h f /I ' 

(approximately), especially^ if, as is very usual in open chani^els, the «! 
bottom is rougher than the sides. r : 
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Substituting this value in equation (8) we have, for such a channel, 

d h ^ h 

'dl-^ , ^ 

gh 


This gives the slope of the water surface, and from a solution of this 
equation, the profile of this surface may be determined. 


Thus for steady uniform flow = 0, i.c 

the depth is constant 

throughout. 

••• 1-/4-0 



^ g hi 


or 

h=tt. 

(5) 

•igi 



l-~ 


2 g h i 


1- 


n h 


(4) 


Art. 89.— Non-Uniform Flow. 

If, as is usual, the motion while being constant at a point, varies from 
point to point in the length of the stream, so that—-^’ and therefore 

is not zero, let II be the equivalent depth of an uniform stream of 
breadth h which would give the same discharge as the variable stream in 
unit time. 


Then 


wlicre 


7/ = 


fy2 

2g i 


Q = V h J[ or V = 


from (5) 


hii 


¥ 1 ? ■ 


2 (7 i 


_ _ _ _ _ _ 
■ \ '/)“ ll‘‘ ~ ' / "" i? ~ " 

O q TJS 

Substituting ^4), this becomes 

IP ^ 

IS 

dh 


1-. 


■= i ■( 


( 0 ) 


h^_ _ \ 

d ^ ( 1 2 j j 

I /<« • 7 i 

This is the differential*equation to the curve forming the longitudinal 
profile of the surface. 

Since the value of depends both on the ratio which may be 
d L Ji 

2 i 

artificially adjusted in any stream, and on the ratio -j which is fixed. 



812 


HYDEAULICB AND ITS APPLICATIONS 


once the slope and physical condition of the bed is fixed, an investigation 
of any particular case of flow must take into account both tliese factors. 

The surface curves corresponding to a few particular cases of flow will 
now be investigated. 

2 i 

First suppose lesj than unity, the state of affairs existing in a 


f 


channel of slope less than -j 




The following may be taken as approximate values of / at such 
velocities as are common in practice (Bazin), the foot l)eing the unit of 
length. 


Smooth cemented surface 
Ashlar or brickwork 
Bubble masonry . 
Earth .... 


f = *0030 
= *0037 
= -0035 
= *0120 


2 i 

BO that for - to be less than unity, with a rubble masonry channel thh 
slope would not exceed *00825 feet per foot, .or 1 in 810. 

Case 1 (a). Let y* < 1 and also h* < IE 
. Both numerator and dononjjnator of the right-hand side of equation (6) 
are now negative, so that is positive, i.e., the depth of water increases 


down stream. 


/ 2 ' 

Also as h increases it finally reaches the critical value \/ 


H. 



Here the denominator becomes equal 
to zero, and in consequence the value 

p' of 44 becomes oo, or the surface 
ct t 


Fio. 135. 


curve at this point becomes vertical 
(Fig. 135) { and the phenomenoh 
known as the standing wave is 
produced. 

. In the figure, suppose the dotted line aS S' to be drawn parallel 4;o the 
bed, fo represent a delith /\J *A1 , U. If by moans of a sluice Ve ca^" 
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get the water surface below this level, then on passing the sluice the 

depth of water increases as shown. Finally, when h = y -j- • Jh the 

curve should be vertical where it intersects this line. Ikfore this limit 
is reached, however, the hypothesis that the stream lines are sensibly 
parallel ceases to be even approximately true, and the curve becomes 
modified as shown in the dotted«lines. This is exemplified in the case 
of a sluice fitted in a channel having 
a very small slope. 

If hi and /j 2 be the depths of the 
stream before and after its sudden 
change of level, the value of h^ may 
be calculated. 

Let ri and be the velocities at 
sections hi and //2* 

It is not now legitimate to assume that the loss due to shock at the 
sudden change of section is ~ as in the case of pipe fiow, since 

the pressure over the area E' E (Fig. ISO) is no longer uniform and 
equal to that from E to E but varies with the depth, and hence one 
of the fundamental assumptions made in deducing this formula is 
unjustified. 

On applying the e(iuation of momentum, however, to this particular 
case, we have 

Difference of forces acting in the direction of motion,) _ ^ ^ . 

on the faces C 7 .) and 

where j)i and p2 are the mean pressures over the areas A.i and / 1 2* 

W hi W h 2 

Then pi = P2 — ^ 

The change of momentum per second, in] _ IF 
passing the sections C D and G II } g 
Also Ai = A2 aod if the section is rectangular, hi vi = h^ r2, so 
that on equating the momentum per second to the force producing it, 
we have 

■” ’ 2 

2 V2 2 g 

I12 _ 'f’r I ^ ^ I 

2 * hi 2 “ g \ //,) 


l.-la vi — Ai ri“|. 


vi ^ 

g 2 h 


(/^‘2 + / u ) 


h 


2 //I 
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If hi — hi = X this reduces to 

^ _ (a + 2 hi) (x + hi) 
g i hi I 

^ ^ g 2 

This gives the height of the standing wave. 

An explanation of the production of ‘the standing wave may bo found 
as follows. An examination of equation (3)'shows that can only be 

infinite and a standing wave formed when = g /i, or when 
v'^ dj^ __ (I h 
g h d I ~~ d r 
But 

d h __ V d ^ ^ _ d f v^\ 

g h' dl'^ g ' Ji' d gdl"^ d I v2 gj 
so that the standing wave is produced when 

d J \¥g) 

i,e,, when the rate of decrease of kinetic energy is equal to the rate oi 
increase of potential and pressure energy due to an increase in the depth 
or vice versa. 

Until this point is reached the rate of decrease of kinetic energy is 
greater than that of increa^^ of pressure and potential eneigy, tin 
difference being due to energy expended in eddy formation. Assuminf 
for the moment that the surface curve could be continued through th( 
point, we should have the rate of increase of potential and prossun 
energy greater than that of decrease of kinetic energy, and hence shoult 
^have an actual increase in total energy, a state of affairs which ii 
manifestly impossible. * 

This can only be overcome by a sudden change in the distributioi 
of pressure over the section of the stream, the effect being almost identica 
with t^t produced by the introduction of a solid obstacle in the path o 
the stream. As a consequence of the shock thus produced there is i 
sudden loss of energy in eddy production, the vqjocity of how of necessit; 
• falls, and a corresponding rise of surface ensues. 

> {/H jf 

. * After rising to the level, // 2 , where /<‘2 ^ / * , we have the stab 

‘ <H 

:>df affairs considered in Case 1 (b). 
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2 i 


1 / ^ i 2 % 

Case 1 (b). Here -y. < 1 , while h is greater than V y* ^ 8 *^^ is 

less than H. • 

In equation ( 6 ) the Jiuraerator is now negative, while the denominator 
is positive, so that ^ is negative, or the depth h diminishes down- 
stream. ^ • 

As the velocity increases and h diminishes, the denominator of the 

dh 

fraction . vanishes before the numerator, so that -7 tends to 

^ ? IP ^ ’’ 

3/ 2 ^ 

a limiting value — 00 where h = \ 

At this point the surface curve becomes vertical as shown in Fig. 137. 
If produced by a sudden drop in the bed of a stream, as shown in this 
figure, h increases up-stream, and 
approaclies mote nearly to II as tliis 
distance increases, the surface curve 
being asymptotic to the line R R\ 

Kuch a drop in the bed may cause 
an ai)preciable increase in the velo- 
city of flow for a considerable dis- 
tance u])-stream mid may thus affect 

the foundations of structures (bridges, etc.) which may be placed 
up-stream, besides causing serious erosion of the bed. 

In the case of the sluice (Fig. 135), the water after rising to the 
height //2 is governed by this second set of conditions, so that the level 

again falls until h = Y ~ 



f 


Inertia then causes the level to fall . 


below this, when we have the conditions of Case 1 (a) repeated. Thus a 
series of stationary waves are produced, the level alternately rising and 


falling above and below that given 


•by h=z \/ ^ 


H, At each 


successive jump a loss of energy occurs, and the velocity energy after 
the jump is therefore ditninished. It follows that the value of hi must 
be greater after each successive jump, and ultimately will become equal 
to H, after which steiidy flow occurs. 

The same reasoning applies to the stream after passing the drop in the 
bed (Fig. 137) the depth ultimately settling down to //. 

The state of affairs outlined in this second case may be met with where 



^' riume having a slight inclination delivers water to a penstock from 
^hich one or more turbines or water wheels are fed. It then becomes 
important that the proportions of the flume should be such as to prevent 
the water level from falling below a certain minimum. This*problem 
will afterwards be considered in detail (p. 824). 

Case 1 (c). 

Let 

Here the surface is everywhere above the line R /f' (Fig. 138). Both 
the numerator and denominator in the fraction. 



(equation 6) are positive 


/. is positive. 

Down-stream then the depth increases, and 


-IP 

« 2i , 


ultimately 


tends to the limit unity, ie., tends to. the limit i, the slope of the 

_ ^ . bed. It follows that the down- 

* stream surface tends to become 

j ^ Up-stream h tends to the limit 

H, and to the limit zero, so 

Fiq 133 that the curve tends to become 

asymptotic to the line R IV. 

This is the form of surface curve produced by a weir or dam in a 
stream of small slope, and is of importance since the introduction of such 
a dam causes what may be a serious raising of the backwater level for 
some considerable distance up-stream. 

2 i 

!^ext let j. be greater than unity, the state of affairs usually existing 

artificial w^ater supply channels. 

-Case 2 (a). 

Lot f 

h<H. 
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(equation G) is now positive and the depth increases down-stream. 

Since, as h increases, thfe nu- 
merator* vanishes before the de- 
dh 


nominator ~ = 0 in the limit. 

a I * 


i.e,, the surface curve tends to 
become asymptotic to the line 
It It' (Fig. 189). 

This state of affairs is at- 

f 

taincd at a sluice in a stream having a slope greater than 
Case 2 {h). 



Fi(3. 139. 


Let . > 1, and let h be greater than 11 and less than 


J 


Here 


d h 


2i 

f 


11 . 


^ (equation 6) is negative and the depth diminishes down- 
stream. As h diminishes the numerator vanishes before the denominator 
and in the limit = 0, or the curve becomes asymptotic to the 

line 11 U\ and the stream settles 
down to the uniform depth IL 
This state of affairs is realised 
- when^ an obstacle in a river 
bed may have caused the level 
to rise to within the required 
limits. The surface curve is 
then as shown in Fig. 140. Up- 
stream, as h increases it finally 

roaches the value . 11. 

^ ./ 
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TIore -J" is — QD , and the curve becomes 

perpendicular to the bed of the stream. As li increases still further the state 
of affairs considered in Case 2 (c) is attained. T^his vertical front is seen 
when a sudden rush of water, such as may be produced by the bursting of an 
e mbankment, is caused iy a channel of fairly rapid slope. It is also seen in 
the bores which occur at certain states of the tide in the Seine between 
Havre and Rouen, and in various other rivers and contracted channels. 
Case 2 (c). f ^ i 
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Here is positive 


li increases down-stream. Down- stream 


h — JP •’ 

. - tcmds to the limiting value unity, so that in this direction 

h<‘ - 

the limiting value of is i, or the surface tends to become horizontal 

a I * f 

(Fig. 141). 

Up-stream, as the depth diminishes, we reach a point whore 


h = \/ ^ II, and, foi* this value of h , ", ”, — oo or the surface curve 
' /■ d I 

here becomes perpendicular to the bed of the stream, a standing wave 

being produced. 

This is the curve obtained where an under-water obstruction such as a 

dam or hroad-cresied weir is placed across a stream of rai)id slope. 

(// h ‘2 i 

Since the possibility of becoming infinite, de})ends on being 

greater than unity, the production of a standing wave under these 

circumstances is only possiblQ 

— where this latter condition is satis- 

In practice the two most im- 
1 portant cases are those represented 

in 1 (h) and 1 (c). In the first of 
* these, the elTiict of a sudden drop 

Fio. 141, in the l)ed of a stream may, as 

^ already tixplained, Ixi serious, while 

the case of the reduction in level in a fore-bay feeding a power plant, 
'Cmsed by the sudden demand for energy by tlui tuvbintis also comes under 
-sheading. In the second, the effect of a dam in increasing the surface 
i^^^’Vation at points further up-stream is important. The investigation of 
each of these cases resolves itself into determining, from a solution of 
equation (6), the value of h corresponding to atiy point at a distance / 
from some datum, since when this is known, the rise or fall from normal, 
and consequently the change in velocity, can be (letermin^. 

To obtain a solution for the equition, we have 

( P 




m-'; 


( 8 ) 
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Writing becomes 

• , . f wi® — 1 

T, a m . — 

II — rr = * 3 ‘i ? ■ 

d I wr j- 

f . 2 i 1 




Integrating this expression, 

A'=«+(‘-V)A^+ 


/ f/ m _ 1 


1 5 -* i - - , . I- i n 

1 + m + 1) (wt — 1) + 1 ' 

1 (i.w ;»ii- 1 + 2 ._ tair* ^‘ + - 

2 18 (w — 1)'^ V3 a/3 


-1 2 w( + 1 


+ C. (8) 


Tb.e expression 

I i log ^ 1 _2jw+J_l 

I 0 ' (/» — 1) V3 V 3 j 

is ol'ton temiod Iho “ backwater function.” Writing this as (m), the 
. equation becomes 

t = in - {1--^) <!> (m) + 0 

.-. il = h- 11 ( 1- — ) <!> (m) + C 

.•. h = 1 1 II (^1 — i> (ill) + G (9) 

Thus if hi and /<2 are the depths at points distant k and k from the 
datum, we have • 

hi -h, = i (k -k) + JI (1 I W • (10) 

The following table gives values of <!> (ni) for different values of 
in the case of a dam, where h is always greater than H, 
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From theso values a curve may be consiructed if required for use, and 
intermediate values obtained by interpolation. 


' h 


h 


h 


h 


IT 

<p ( w ) 

u 

0 («0 

1 

If 

0 (wO 

■// 

0 («0 

1-000 

00 

1*020 * 

2*008 ' 

1*10 

1*587 

2*20 

1*015 

1-001 

8-000 

1*025 

2-025 

1 * 15 . 

i - 4(;8 

2-50 

*089 

1-002 

2 -HbO 

1*030 

1*066 

1*20 

1*387 

3*0 

*968 

j-ood 

2*725 

1*036 

1*0118 

1*30 

1*280 

4*0 

*939 

1-004 

2 -( i 2 !) 

1-044 

1-813 

1*40 

1*211 

5*0 

*927 

1*005 

2-555 

1-050 1 

1*803 

1*50 

1*102 

7*0 

•916 

1-007 

2-115 

1*056 

1*763 

1*60 

1*125 

10*0 

*011 

1-010 

2*826 

1-060 

1-745 

1*70 

1*096 

15*0 

*009 

1*012 

2 * 2 ( i 6 

1*070 

1*607 

1*80 

1-073 1 

20*0 

*!)08 

1*015 

2*102 

1*080 

1-656 

2*00 

1*030 1 

1 

50*0 

•007 


In tbe case of a fall down-stream, is always less than unity. 


following table gives values of (<l> m) for this case. 


The 


h 

n 


h ' 

n 

0 (»0 

h 

0 ( w ) 

h 

11 

0(W) 

1*000 

00 

•985 

2*183 

•850 

1-367 

•100 

•709 

*999 

3*090 

•980 

2*085 

■ *800 

1-253 

*350 

•656 

■998 

2-859 

•075 

2-000 

; *750 

1-150 

*300 

*605 

^^*997 

2-723 

•970 

1*916 

: *700 

1-078 

*250 

*553 

*996 

2*628 

• 0()0 

1*847 

; *650 

1*006 

*200 

*503 

• *995 

2*552 

*050 

1*769 

>*600 i 

*030 

•150 

*453 

* 99^4 

‘ 2*491 

1 *040 

1-705 

i *550 

•877 

*100 

•402 

•992 

2*305 

1 *920 

1*602 

1 *500 

*819 

•050 

•352 

* 990 - 

2*319 

-900 

1*522 

1 

1 *450 

*763 

*000 

*302 


As an example of the use of these tables, calculate the ?ise in level at ^ 
a point I mile up stream, produced by a dam arranged so as to raise the 
Jevel at its crest through 8 feet. The original depth of the stream, 
supposed uniform, was 2 feet, the slope of the bed 1 in 600 (=’002)j 
md the value of / = *006. 

!!rhe necessary height of the dam may^be calculated by an applicatin#^ 
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of equation (1), p. 168. Assuming this to be done, we have, in th6 
preceding formulae 

7/ = 2. 1 - Ai= 1 _ 1=: A. 

f s s 

Let the suffix (1) refer to a point just above the dam, and the suffix (2) 
to the given point. Then since th^* positive dy*ection of I is down-stream, 
we have in equation (10), hi = 10 f /i = 0 ; 4 = — 2640, and from the 

tables we get (f) {lUi) = <l> ^ = -927, so that this equation becomes 

10 - /(2 = -002 (2(510) + -oi) |•'J■27 - 0 

■■■ 

This equation can only be solved by trial. 

Let /i 2 — I 0 (“^) — ~ ^ 

Then if = 5, ?/ = 5 - -(iSOS - 4-102 = + -2387 

„ h, = 4, ?/ = 4 - -01)27 - 4-102 = - -7947 

For a solution of the equation, y must equal 0, and since the value of 
a continuous function such as y cannot change from + to — without 
passing through the value zero, it follows, that for some value of 
between 4 and 5, y = 0. 

Evidently, too, the correct value of I 12 is nearer 5 than 4. Try 
h2 = 4-75. 

If Ih - 4-75, 7/ = 4-75 - -bOSG - 4i02 = - ‘0176. The value of h 
is then between 4-7^ and 5‘0. " 

A close approximation to the correct result can then be obtained by 
drawing a curve connecting those values of y and of already found. 
Where this curve intersects the a.-is of /^ 2 , we shall have the value of hn 
which makes y = 0, and therefore which satisfies the equation. In the 
problem, = 4*78 provides a very close approximation to the correct 
value. At a distance up-stream equal tc 4,000 feet the value of 
determined in the same way, is 2*84 feet. Since the slope is *002 the , 
he.ight of the bed at this latter point, above that at the dam, is *002 
4,000 = 8*0 feet. 

The surface at this latter point is therefore *34 feet higher than at the 
dam. With the dam removed and the flow per minute unchanged, the 
flow being uniform and the depth of channel equal to H, the difference 
of level instead of being *34 feet would be 8*0 feet. 

Figure 142 illustrates the form of backwater curve observed by 

n.A. 
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D’AubuiBson on the Weaser. Here the mean slope of the bed was 2*33 
feet per mile = *000141, and the depth before introducing the dam was 
2*46 feet. The effect of the dam in raising the surface level was apparent 
for 4*33 miles up-streani. 

In a aecond series of observations on the Werra, the following results 
were obtained. 

Mean depth 11 = 1*7 feet , width — 80 feet ; fall = 3*88 feet per mile. 



A dam 15*66 feet in height was placed across the stream, and the height 
of water over the ^iill was found to be 1*13 feet. 

The following table indicates the observed and calculated deptlis, f^nd 
rises in surface level at points above the dam. 


Uifitancp ofobionotl poiiitr Iroin Dam. 


f Observed 

Depth of water in feet . — 

, calculated 


Rise of level in feet 


I observod 


calculated 


0. 

•S'. 

nr. Mile.. 

3‘r) Mile». 

16*79 

12*30 

11*28 

3*01 

— 

13*50 

11*35 

3*20 

15*09 

10*60 

10*58 

1*31 

— 

11*80 

10*65 

1*50 , 


In these calculations the value of /has been^taken as *02. 

As an e.xainple of the effect of a drop in the bed of a stream in pro- 
ducing an increased velocity at i)oints up stream, consider the same-, 
stream as before to have a fall at some point in its length (Case 1 (h) 
and suppose thnt this causes u lowerinc of the surface iust ubote the 
trough a depth of G inches. 
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Then as before If = 2 ; I -^-j = 1. 

Also in equation (10), we bave 

//i z:: 1 /) ; /i 0 ; 0 = </) ^ ^ = I'lT)!) (from table). 

To determine the depth at a point 50 feet up stream we have 
/a = — 50 feet, BO tha^ the equation l)ecomes 

l-co - Aa = -002 (50) + 1 | Mo!) - ^ | 

••• Aa 1‘50 - -10 - -778 

= -627. 

2 / Ao \ 

Putting ^^2 ~ 3 ^ \ "2 / “ = 2 / we get 

if //2 = 1-8, 1/ = 1*8 - 1-0146 - -627 = + ‘1584 

„ h, ^ 1-9, y = 1*9 - 1-1793 - ‘627 = + *0937 

„ //a = 1-95, y = 1-95 - 1*3393 - *627 = ~ ‘Of 63 

Oti plotting values of //2 and ?/, the curve shows that y^ is zero when 

//a = 1‘946 (approximately), and this, therefore, gives the depth at the 
given point. 

At a point 20 feet up stream we have 

( 1 ) = ’'**’^ 

On solving this equation in the same way, we find that the depth here 
is 1*932 feet (approximately). Since the breadth is constant, the mean 
velocity at any point is inversely proportional to the depth, so that at the 
two points 20 and 50 feet up stream the velocities are increased by the 
2 ^ 

fall in the ratios and — respectively. 

This action becomes increasingly important as the slope is diminished. 
For example, in the previous (ase, if the slope were diminished to *001, 
the velocities at the same two points would be increased by the fall in the 
2 2 

ratios 

• As a further example of b;he use of these formulae, consider the case of 
a flume of rectangular section, feeding a forebay from which a turbine 
is to be supplied. 

The breadth of flume is 20 feet, the slope 1 in 1,000, the length 1,000 
yards, and the value of/= *008. The discharge required is 500 cubic 
ieet per second. 
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The value of /I, the uniform depth necessary to give this supply is 

given by 

U = Xj-0,()00 

(ji ^ ()1*4 X 400 X '001 
= B-08 feet. 

If at the upper end the de[)th of water is greater than this, say 4 feet, 
we have (Case 1 (c) ) and everywhere U > IL The depth of water thus 
increases down stream. 

Applying equation (10), we now have 

h (at entrance to lluinc) = 4*0; /i = 0 

H = 3-08 ; k = 3,000 feet; y = | 

^ ( I) = (1-3) = 1-280 (tableH) 


3*08 


■oi 


... 4 - ;<2 = - -001 (3,000) + 11*280 c/; 

.% 7 - 1-815 = 7(2 - 1-027 <p (jf) 

k - 1-027 <p ijfj - 5-685 = y. 

If h = 6-70 y = 1-015 - 1-027 (1-017) = - -030 

„ /(j = 6-75 y = 1-065 - 1-027 (1-015) = + -022. 

The correct value of K the depth in the forobay, is approximatelj 
6*73 feet. The depth of tH^ water in the flume at different points ir 
its lengtli can be calculated in the same way, and the necessai^ 
height of side ascertained. 

If, at the upper end, the depth of water is equal to //, this wil 
"^remain constant throughout, while if less than 11 and greater thai 

H or *871 Hf i.c., between 8*08 feet and 2*68 feet, we get Cas( 

1 (6), The height will now decrease down stream until it reaches thi 

value ^ j- , after which a series of waves will be produced, and th 

depth will, as explained in Case i (5), finally settle down to 3-08 feet.. 

The critical point is found by putting fea= H = 2*68 h 

equation (10). Let hi = 3'0 feet. 

Then we have at the critical point 

8*08 ( . / 


8-0 


2*68) V 
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*82 = *001 (~ Za) - 1-027 { 1*996 - 1-429 } 

*202 = *001 k 

h = 262 foot* 

If, at the Bntrance, the depth is less than 2*68 feet, as might occur 
if this flume were fed from a sluice, we have Case 1 (a) repeated, and 
the depth would finally increase up to 3*08 feet. With an open 
channel leading directly out of ^ reservoir, the required discharge 
could on'y be obtained by having the depth at entrance equal to or 
greater than II. 


Art. 90. — Cuaknel with Horizontal Bed. 

Here i is zero, so that equation (0) of the last article ceases to apply 
Making i = o in equation (3), p. 310, we get 

f P 
d h 2 if’ A 
d Z ^ 

(fh 

Writing ^ ^ we have, if the channel is rectangular and broad, so 


( 1 ) 


that -7 = 


(sensibly), 


dk 
d I' 


fQ^ 

2 (f 

(/ h* 


, , ( 2 q P 2 ) , - 

HtT.!- - 7 = (2) 


./ V- ./ 

Integrating between the limits h and k we get 
1 J q 


h — h 


■ y ( 


Jhi") — 2 (hi — //2) I (8) 

from which the difference in level (hi — 112 ) at any two points distant 
li — h from each other, may be calculated when a given quantity Q cubic 
feet per second is flowing along the channel. 

Expressing (2) as 

r (4) 


dh 


' (f 


we have, for to be infinite, the condition 

g = Q^ = 
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80 tliai; if by any means such as drawing off a considerable amount of 
water suddenly by opening a lock gate, the velocity can be made equal 
to V g h, wave with vertical crest will be produced. 

Aiit. 91.— Ciianob of Level in a Stream Produced by Bridge, 
Piers, etc. 

Where a series of piers are placed across the bed of a stream, the effect 

^ up-stream level 

exactly as if a dam were placed 
ill the stream, and the form of 
Q the surface curve will depend on 

— ID whether the stream satisfies the 

^ — conditions of Case 1 (c) or 2(c) 

X (PP- 

' The height w’ill be a maximum 
at the up-stream end of the pier. 
On arriving at the contracted 
section of tin'- stream, the velocity 
will be increased, the increase in 
‘ kinetic energy necessitating a 

I corresponding loss of potential 

h ‘^nd the depth is dimin- 

I ished. On again arriving at the 

■ open channel the velocity di- 

^ minishes and the depth increases 

' (Fig. 143). 

< Neglecting losses by friction between the sections (1) and (2), if h and 
1)2 are the effective breadths and //], //2 the depths at these points, we 
haye ' 


s ^ 2 2 

R,BSuraing the kinetic energy to be that given by j - and where Vi and 

Lg It (f 

1*2 are the mean velocities at the two sections, an assumption wlpch 
within narrow limits is justified by experiment! 

r./ = vi^ -f 2 g .r, where x = hi — h^. 

If the discharge* through the contra ited area at (2) is given by tr 62 h^v^i 
\ye have 

= r,-r 



EFFECT OF BRIDGE PIERS 


82y 


Also 


Dl 


(c hi hif 



- Q 

~ hi h 

1 _ 1 

Jh:? h{^ li{^ 



_ (/^ ( 1 _ 1 ) 

- -2 r, j (hi -7vf 1,7 )■ 

The value of c vai-ios wiih the form of pier, biit with pointed cutwatci’s 
is about *1)5 (E;ytol\Yoin), diininisliiii‘jj to ’85 for a bridge having square 
or rectangular piers. By considering the problem as one of flowthrough 
a weir or notch having a submerged crest (this crest being level with the 
bed of the stream), and under an effective head .v, we may obtain a second 
expression for Q in terms of .r, and by equating these two expressions the 
value of h\ may be obtained in terms {)f Q and of hi and h^. From this, 
an application of equation (9) (p. 810) will give the depth at any point 
up stream, and tlu'- entire up-stream profile may then be plotted. On the 
down-stream side of the obstacle there is a gradual rise of the surface 
level as the depth increases to a uniform value 11. 


Akt. 02, 

With radial outward flow over a horizontal bed, such as occurs when a 
vertical stream impinges on such a surface, we have, if h is the depth at 
a radius r, Q the quantity per second, and r Ihe velocity at radius r, 

Q = r X 2 « r h — const. 


d h , . d r. j 

V r , r -j- r It — 0 
d r ’ dr’ 

d V 


= ^ j i' k _L 1 

* * d r [ It d r r ) 

Substituting this value in equation (2) (p. 300), we have 


• ^ ^ 

^ d r 

But with ^ horizontal bed 

P* 

A 

dh 


dh 

g h d I 


+ 


v'*® I 
) 








P 


Also 


2 TT r 1 . J 

— —r =z y, and I = r 
2 TT r h h 


(2) becomes — = 
^ ^ dr 


g r 


2 g h 


1 - 


gh 


J 

fl / 1 

gj 

i 

1 


1 - ^ 


g h 


( 1 ) 


( 2 ) 


(8> 
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This becomes infinite iiv^ = g 

4 TT*-* * 

1 


Le,y if 
if 


W = 


4 Ti^ (f 


( 4 ) 


At the radius at which this relation holds, a standing wave will be 
formed. . ' # 

The height of this wave may be estimated, as in the case of the wave 
produced in a rectangulsw channel. 

If vi and V 2 are the velocities and hi and the depths immediately 
before and after the rise, so that — h = x, we have, as on p. 818, 

^ (h + 
g 2 hi 

from which 


4 9 


I-.- 


Abt. 93. — Change • of Level Piiobucrd by the Passage op a Boat 
THROUGH A Narrow Canal with Horizontal Bed. i 


Let A = cross sectional area of canal. 

„ a = sectional area of vessel amidships, beneath water line, by a 
plane perpendicular to iis/iixis. 

Let V = velocity of vessel. 

Here the state of affairs miijf' be simplified if we first consider the water 
to be a perfect fluid. As the vessel moves along through this fluid, the 
Volume displaced by the forepart' passes along backwards between the 
vessel and the sides and bottom of the canal to fill the space vacated in 
&e reaj. In this case we get a bacjkward current extending from the 
prow to the stern of the boat, its velocii^Y increasing as the effective area- 

of tile channel diminishes, and having a maximum value v ^ -j ^ 


At the amidships section. 

To. produce this current a surface gradient is necessary, the surface 
felling from its normal level at the prow to a minimum at the amidships 
section, and from this point rising to its normal' level at tfle stern. ^ 

Due to the adhesion and viscosity of the fluid, however, a mass of water 
is. dragged along with the boat, forming a current confined mainly, to the 
centre and surface of the canal. ' 

^.i-flipce, for permanence of the regime^ the backward flow aci^jss any 
:ie(jtion of the canal must equal the corresponding forward flow, the back- 



CHANGE OF LEVEL IN CANAL 

ward botf/orn current must now be sufficiently great to supply an additional 
mass of water equal to this, so that its velocity at the minimum section 
will be i K + \ velocity at the bows being K v. Here 

= a -b wliore rtj is the area of the channel occupied by the forward 
Current at the amidships section. A — a* in then the effective area of the 
backward cui reiit. > * , 

But to produce a backward velocity of flow at the bows of the boat the 
surface level at the bows must be less than at some distance ahead, and 
will thus bo below the normal. The result is that the water level in the 
canal falls as the boat approaches, has its minimum value near the 
amidships section, and then rises to attain its normal value. The 
effect of the bow waves in modifying the level at the bows is here 
neglected. 

By applying equation (3) (p. 825), the difference of level at any two 
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points in advance of the boat may be deduced in terms of K since Q = 
K V h hi, where //i is the depth of water at the bows. 

Fig. 144 shows the surface curves for a perfect fluid (dotted lines) and 
for water.^ 

If the boat is nearer to one side of the channel the velocities of flow 
are greater on this side of the boat, the pressures, particularly abaft its 
beam are consequently less, with the result that it tends to sheer off 
towards the furtlier side. 


Art. 93a. — Suction Effect between Passing Ships. 

Even in open water, where one boat is overtaking another in moderately 
■close proximity on a par 0 ,llel path their mutual action, due to interference 
of currents between their hulls may have serious effects; The mass of 
water displaced by the forepart of the leading boat, returning to fill the 
space vacated by its stern causes a continual influx of water towards the 


^ For the farther investigation of the cliange of level round a moving vessel, a paper in 
The Engineer, vol. G3, p. 252, may be coi|^ultcd. 
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stern of the latter, and this is increased by the inHux necessary to pro- 
vide the water thrown astern by the propeller. Further astern the impact 
of the streams converjring from the two sides of the hull produces a region 
of outflowing currenls. 

The bows of the overtaking boat first come within the influence of this 
region which tends to produce a slight outward sheer. As it creeps 
further ahead the bows come withirl the intiuence of the inflowing 
currenls while the stern is still being repelled, with a resultant tendency 
to inward sheer which has often led to serious collisions. This olTect is 
a maximum where the bows of the follower are about one-third of its 
length aft the bows of the leading ship. As the follower draws further 
ahead the tendency to sheer diminishes and is replaced by a tendency to 
bodily inward drift, while when almost abreast, the bows of the follower 
become exposed to the outflowing currents from the leader’s hows while 
its stern is still being attracted, with a consequent tendency to an out- 
ward sheer.^ 

The effect depends largely on the sizes, speeds, and relative speeds of 
the vessels, increasing with the size of the leader, and with the common 
speed, and diminishing as the relative speed increases. ‘ 


Art. 91.7-Flow round IUver Bends. 

A river flowing through an alluvial plain always tends to gradually 
increase any winding which #iay occur in its course, until finally a new 
channel is cut through the narrow neck of land thus formed. The 
following explanation of this scouring of the outer bank of a bend and 
deposition of detritus on the inner bank has been given by 
Professpr James Thompson.^ 

In consequence of the centrifugal forje, the pressure at any level ir^f^. 
transverse section of the stream increases outwards, so that the level of 
the free surface is highest near the outer bank. Near tlie bottom, how- 
ever, the resistance ot the bod reduces the velocity and consequently the 
centrifugal force of the water, which now becomes insufficient to overcome 
the tendency to inward flow produced by the higher level of the free 
surface at the. outside of the curve. The watfer near tlie bottom, then 
tas a tendency to flow inwards and to carry with it gravel and other 
detritus which is left at tjie inner bank. Experiments in a moclel river 

% 

1 For a fnll discussion gf the phenomena of interaction an article in “ Bedrock," Yol 1.^ < 
No. 1, pp. 6G -87, may be consulted. 

Proceedings Royal Society,” 1877, p. 356. 
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bend, in which the direction of flow was indicated by coloured stream 
lines and by the behaviour of threads tied to pins fixed in the bed of the 
stream, as well as by iloSting particles of matter, indicated a state of 
affairs as represented in Fig. 115. Here the dotted line A B indicates 
the path of a particle floating in the surface, while the curves shown in 
full represent the motion neir the 
bed of the stream. 

As indicated, a counter-current 
flows from inner to outer bank over 
the ujDper portion of the stream, 
but since the same volume of water 
is movtid by the two currents, and 
since the sectional area of the outer 
current is comparativedy very large, 
its (‘ffect in carrying susj)ended 
matter to the outer hank is negli- 
gible. 

While this theory undoubtedly 
accounts for a jwrtion of the ero- 
sion, and for the deposition of de- 
tritus at the inner hank, it is 
probable that the impact of the 
stream on the concave bank is a 
more potent factor in actually 
causitig erosion, and more par- 
ticularly is this the case when 
the stream is in flood and when in consequence the erosive effects 
are most serious. Under such circumstances observation shows that 
the surface velocity is a maxi^-mm near the outer, and not the inner» 
bank. 

Aut. 94a. — Loss OP Head Produced by Bends in an Open Channel, 

Very little experimental evidence is available regarding the loss of head 
due to bends in an gpen channel. Experiments on a cement lined 
semicircular conduit, 9*8 feet in diameter, divided into four consecutive 
sections A B C D, showed the following results.^ 

Section ^ is a tangent 640 feet long. 

„ B is 120 feet long and includes a curve of 100 feet radius, 

^ Engineering l{ecui'd% Oct. 2l8t, 1911. By E. G. Hobson. 



Section on C’D. 

Fm. Hr>. 
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Section G is 220 feet long and includes two 50 feet radius reverse 
curves. 

„ D is 1075 feet long and is practically ‘straight. 

The horizontal curves were approximated to in construction by 10 foot 
tangents. The mean depth throughout was approximately 4 feet and the 
hydraulic mean radius 2*14 feet. 


Section. 

A 

' 

C 

1 

Mean velocity . 

7*10 

()-86 

(i*94 

7-15 

Co-efficient G . 

129 

114 

90 

119 

Kutter’s n . 

•0132 1 

•0149 

i 

•0189 

•0142 


, The low value of the coefficient C in 1) as compared with that in A is 
doubtless due to* the loss prodiiciul in this section during the redistribu- 
tion of velocities produced ])y bend C and ought strictly to be debited to 
that bend, while similarly, a certain portion of the loss really due to 
bend B would appear due to the bonds in the next section G, 

Probably, the following \^ue8 of G would be more approximately 
correct. 



Value of C. 

A. and I>. Straight channol 

128 

B. Curve of 100 ft. radius . 

118 

G. Keverse curves of 50 ft. radius 

88' 


Art. 95.— Distribution of Vklocity in an Open Channel. 
Depression of the Filament of Maximum Velocity. f 

' As in the case of a closed pipe, the resistance introduced by the solid 
boundaries causes the velocitv to diminish in the neighbourhood of the 
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sides and bottom of an open channel, and from analogy with pipe flow it 
might be expected that the maximum velocity in any cross section would 
be found in the surface arM at the centre of the stream. 

While this is commonly the caso in a broad, rapid, and shallow stream 



in any other case the filament of maximum velocity is usually found 
below the surface even with a down-stream wind. Its depth varies with 
the direction of the wind, with the depth and physical characteristics of 
the stream, and with the velocity of flow. On a calm day it usually lies 
at a depth between *1 h and *4 h (where h is the depth of the stream) and 
for depths above 5 feet, has a mean depth of about *3 h. 

Fig 146, taken from a gauging by Darcy of a rectangular channel *26 



Fig. 147. 

metre deep and *8 metre wide, shows the general distribution of velocity 
over various vertical sections of a rectangular channel and also the equi- 
velocity contours in a cross section, while Figs. 147 and 148, shpw 
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the results of gaugings on the experimental channel of the Cornell 
University.' 

This is of rectangular section, with concrete ddes and bottom having a 
slope of 1 in ^00, and has a width of IG feet. Velocity inoasurements 
were made in eight verticals in a cross-soctiou by moans of current motors. 

The curves in Figs. 147 and 148 show the variations of velocity in a 
vertical plane in typical of Fnose expeivmonts, oacli plotted point giving 
the mean of all eight observations at that depth in the cross-section. 

The effect of a large ratio of width to depth in raising the filament of 
maximum velocity is evident from a comparison of the cuives of big. 147 
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anif of Fig. 148, while the effect of an increased velocity of flow in raising 
the filament is evident from a comparison of the several curves of Fig. 148.1 
‘The -depression of this filament of maximum velocity is mainly due 
to the action of the sides of the channel. Frictional losses at the sides 
reduce the energy and thus the head of the water in their neighbourhood, 
with the result that the surface level at the sides is lower than near the 
centre of the stream, and the cross-sectional profile of the water surface 
[fi a curve concave to the bed. Owing to this super-elevation of the' 
(vater near the centre and to its tendency to find its own level, transverse 
currents are set up which travel downwards near the centre of the 
stream ; outwards along the bottom to either bank, upwards along, the 
sides, and, for permanence of regimey inwards along and near the si^rfacje. 

’ i % Geological Survey. Water Supply and Irrigation Papers, No. 96, pp. 76 and 77. 
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Since the inward surface drifts consist of water which has travelled up 
the sides and has come from the region of minimum velocity, they will 
evidently have the effect of'reducing the surface velocity and of depressing 
the filament of maximum velocity. 

The sketches in Fig. 149 a and h show respectively the directions 



of the transverse currents, and of the resultant motion of the stream, the 
full lines a* a’, aa, in Fig. 149 h representing the direction of the surface 
currents, and the dotted lines h'h\ oh, those of the bottom currents. The 
presence of such currents in channels of various sizes has been 
experimentally demonstrated by the author.^ 

In addition to this action of the sides, any retardation of the flow 



2 4-6 8 /O /2 f4 

WtdLh-fh 

Fiq. 150. 


being more marked over the central and swifter portions of the stream 
tends to increase the super-elevation of the central surface and the 
formation of these transverse currents, while an acceleration of the flow 


1 Pfoc. Hoy. Soc-, A., yol. LX^XXIL, 1009, pp, 149 — 159« 
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tends to reduce them. The author’s experiments however indicate that 
for any such non-uniform flow as is likely to be experienced at a gauging 
station, the influence of the sides is the all-important factor. 

This theory explains why, as is found in practice, the depth of the 
filament of maximum velocity, and, as will be seen later, also that of 
mean velocity in any vertical, 

(a) is greater as the influence of thb sides increases and hence as the 
ratio of depth to width of the stream increases. 

(h) is less as the roughness of the bottom increases, since this rough- 
ness retai’ds the trans- 
verse current without 
having any compen- 
sating effect. 

(6‘) in the case of a - 
rectangular channel, 
is greu.ter nearer the 
sides. 

It also explains why, 
on measuring tlie velo-t 
cities across a hori- 
zontal in a stream, 
two points of maxi- 
mum velocity are often 
found, those being one 
wdiich is taken from a 

gauging of the Cornell channel.^ ' ^ 

The effect of the wind on the curve of velocities in a vertical is indicated 
imFig. 151, which shows the curves 
(a) with a strong up-stream wind. 

^ (6) with no wind. 

(c) with a strong down-stream wind. 

It is found that although both the magnitude and position of the 
filament of maximum velocity is affected, that of the filament of mean 
velocity (m in Fig. 151) is sensibly independent of the state of the wind. 
The probable explanation of this is that an up-sti'eam wind banks up the' 
head waters and bo increases the surface gradient of the stream, thereby ' 
increasing the velocity of flow over its lower portions to an extent ^yiiicli 
Bompensates for the reduced velocity of the surface layers. 

From U. S. Geol. Survey, Water Supply Papers, No. 95, pp. 78 and 74. 
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Mean Velocity in a Vertical, 

Actually the position of the filament of maximum velocity in a vertical 
is not of great importance? That of the filament of mean velocity, which 
is at a greater depth, is however very important in stream gauging, since, 
if it be known, the operation of gauging reduces itself to the measurement 
of a single velocity at this depth in each of a series of verticals distributed 
across the stream.* 

The depth of the latter filament varies from about ‘5/t to *7/i, having 
the former value in a wide and shallow stream of depth less than about 
2*0 feet, and the latter value in a smooth wooden or cement channel 
whose depth is approximately one-half the width. In the great majority* 
of cases in practice it lies between *55/^ and *65/4 increasing with the 
depth and diminishing with the roughness of the channel. Ancxamina- 
tion of a large number of river and canal gaugings by members of the 
U.S. Geological Survey ^ leads to the following as the most probable 
values of its depth. 


Condition of bed. 

Very rough with 
boulders. 

Large gravel and 
small boulders. 

Dept li of stream, feet , . 

0 

to 

2 

a 

to 

1 

4 

to . 
G 

6 

to 

10 

ahiive 

10 

h 

to 

2 

2 

to 

4 

4 

to 

G 

G 

to 

lU 

above 

10 

depth of filament of mean vel. 











XiclLlO - — 

deptli of Hrream. 

•50 

•5(i 

•59 

•ca ! 

■C7 

•51 

•58 

•G2 

•GG 

•69 


Condition of bed. 

Small gravel and 
sand. 

1 

Vei-y smooth 
wood or cement. 

Depth of stream, feet . . , 

0 

to 

2 

2 

to 

4 

4 

to 

6 

G 

to 

10 

al)Ove 

10 

0 

to 

2 

2 

to 

4 

4 

to 

6 

6 

to 

10 

above 

10 

Ratio of filament of mean vrl. 

depth of stieariii 

•57 

•CO 

•G5 

•GO 

•71 

■G1 

•(;:> 

•GS 

•70 



Generally speaking, the velocity at six-tenths depth in any vertical 
will give the mean velocity in that vertical within 5 per cent, except in 

1 U. S. Geol. Survey, Water Supply and Irrigation Papers, No. 95. 

H.A. 
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abnormal cases, while the mean of the velocities at two-tenths and at 
eight-tenths of the depth may also be relied upon as giving the mean 
velocity within narrow limits. 

The velocity in a vei tical is least at the bottom, the ratio of bottom 
to mean velocity ranging from *0 to *9. It usually lies between ‘75 and 
•85, but varies widely in a short interval in the same stream. 

The ratio of the imain tf) the surface velocity in a vertical also varies 
within somewhat wide limits and depends largely on the direction and 
force of the wind. On a calm day it lies between *80 and ‘90, dimin- 
ishing with the velocity of flow, with the roughness of the channel, 
.and with the ratio of breadth to depth. While usually inadvisable to 
use the surface velocity in computing the discharge of a stream, it is 
sometimes imi)f)HHihle, in time of flood to make any other iiKMisui'e- 
ments. Tinder such circumstances the surface velocity, multiplied by 
•85 will give the mean velocity in a vertical with a fair degree of a])proxi- 
mation. 

The ratio of the mean velocity over the whole section to the maximum 
surface velocity varies considerably with the depth and state of the 
channel and with tlie direction of the wind. On a calm day it usually 
lies between ‘GO and *85, increasing with the depth of the stream. In 
a gaugiiig of tlie Rhinc-depth G to 19 feet- its value was ’78 while 
Ilarlacher obtained the same value in gauging the Elbe - depth 4-7 feet. 
Gaugings of the Eger at Eafkenau (*G2 to I’l feet deep) gave a value of 
•68. The following values of tl^ ratio are deduced from Bazin’s formula 
(p. 842), by jvHting v = C V m sin. 0 and by giving C its appropriate 
values. 




M.atciial of JVd. 


Hydniulic Mean 





I'liiiied Planks, 
Cement, etc. 

llrickwork. 

Itubble Masonry. 

Earth. 

' Depth ot Section. 

rO feet 

•85 

•83 

•77 

•G5 

2 -() 

>> 


•79 

•71 

8-0 „ 



, -80 

'73 

4-0 „ 

>» 

7> 

•81 ' 

•75 

5-0 „ 

>7 

>» 

tf 

•76 

■ 6-0 „ 


•84 

ft 

•77 

100 „ 

71 

ff 

00 

•78 • 

20-0 „ 

j 

>1 

V 

•8Q 
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DISTRIBUTION OF VELOCITY IN OPEN CHANNEL m 

In a very shallow sii’oam the vortical velocity curves approximate to 
straight lines, and in this case the means of surface and hotLom velocities 
give a close approximation to the uiea!i velocity. 

The main resiiUs of a large number of river gaugings by ineinbors 
of the U.S. Geological Survey are given below.^ 

Here the symbol S means sanly ; (} gravelly ; 11 rocky ; B l);)ukbrs. 


Uivrr. 

Apprnxi- 

IlKlt'fi 

WidLh 

Fcot. 

of 

iliadl). 

('oclIicH'tit for vfdiicin" to 
mean velocity in any Matiral 
tin* vcl. obsoi \(*(1 at 
following points. 

IVr (‘(‘lit. 
ol ilepl li 
(it wliicli 
tlui'dil of 
iniMii vi‘l 

IS loninl. 

f'h.aracter 

ot 

liotloin. 

Si\'- 

trntli.s 

(loptli. 

of 

top anti 
hottoiu. 

Top. 

AppiiiniiHox, \'a. 


i:>o 

2 .“) ^ 1 0 

1-00 

Ml 

•SI 

dI-.5 

s 

•lames, Va. . 
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C-0 1 1 

1-01 

1 OS 

•ss 

.50 d 

s 

Uoanokt*, Va . . 


1 m 

l-S - CC 

•lie 

101 

•SI 

dO'O 

H and S 

Staunton, N . 


100 

2 0 do 

•in; 

M2 

•0.5 

d.5 7 

(} and S 

Dati.N.t!. . 


I'lOO 

1-4 C-7 

•111) 

1-01 

•Sd 

di d 

S 

Dun, Va. 


:t."o 

:vr> 0 s 

•us 

1 oo 

•OO 

dC-d 

s 

Reddie, N.('. 


.s:> 

1-7 2.-. 

1-02 

•07 

•SC 

;57-7 

s 

V'adkiii, N.V. 


n;o 

2 7 dC 

•'.Id 

M2 

•01 

dd-.5 

S and n 

Yadkin, K.D. 


l."0 

1-0 lie 

1-02 

1 Od 

•SI 

50-2 

S and K 

Catauba, N.(!. . 


200 

I S - .*)U 

I -00 

1-04 

•S2 

dO-f) 

S ami G 

(kitanba, N.(!. 


200 

dC - 7-0 

1*0() 

1-OS 

•SS 

r)S-.5 

M 

(3atanl)a, N < 


no 

:w> 

l-ol 

1-05 

■80 

50-0 

S 

WatiToe, S.(', 


Coo 

12-C -17'7 1 

lol 

MC 

•00 

5S-4 

M 

Bioad.SC!. . 


:.oo 

5 0 - H<> 

•5)d 

. 1-22 

•S'.) 

d.5-4 

M and S 

Saliuki, S.(-. 


soo 

CO- 8.5 

•07 

l-OC 

•S2 

d2 2 

S 

Little 'iVnnessir N.< 


lido 

Cd-- do 

1-OC 

1-od 

•SC 

ns-? 

B 

Noliolnu'ky, Tenin S' 

re 

coo 

Id- 51 

1-oi 

1-02 

•SO 

.50-1 

B 

Fi-hkill, N.V. . 


oo 

2 - .5 

l-.oCd 

— 

•70 

.5S-7 

G 

Wallkdl, N.Y. . 


ICO 

C 17 

•os 

— 

•S.5 

dC-7 

S 

Farad Flume, Dal. 


101 

.c-iis 

•0.5 

1-25 

I’OO 

7d-o 

Wood 

Cornell Canal 


1(10 

7-2 S-C 

— 

— 

— 

d5’7 

(’on Crete 

M 


Id 0 

•5.5 

— 

— 

— 

54 C 
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The ratio of the velocity at mid depth to tlie mean velocity in any 
vertical appears to vary very little, its usual value ranging from 1*02 to 
1*0G, increasing with the depth of the stream. A value of 1’04 may be 
relied upon as giving the mean velocity within 3 per cent, for all normal 
sections and velocities of flow. 

Art. 9G. — Distriuution op Velocity over a Vertical through the 
(Centre of the Stream. 

In spite of very many experiments which have been carried out to 
determine the distribution of velocity, and of many attempts to formularise 
the results of such investigations, so many and so varied are the factors 

* D. S. Geol. Survey, Water Supply and Irrigation Papers, No. 05, pp. 160—168. 
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which influence this distribution, that, ns might be. expected from the 
nature of the case, the formulae so far collected can only be considej’ed 
as giving useful approximations to the required rosiih;, and this is more 
particularly the case where the flow in a natural channel of irregular 
section is under consideration. 

By making one or two assumptions as to the circumstances governing 
the flow in an open channel, theoretical formula may be deduced, which, ^ 
while only applying so far as these assumptions are justifled, may still 
serve as the rational basis of a more exact empirical formula, for giving 

the distribution of velocity. Such a for- 
mula will now ho considered. 

Suppose the stream to be sensibly paral- 
lel ; of width which is great in compari- 
son with its depth ; flowing steadily ; and 
that the resistance to flow is due entirely 
to simple viscous shear, a state of affairs 
never exactly realised in practice. 

Let y be the vertical distance from, the 
surface, of a stratum of the fluid, 8 y the thickness, 8 I the length, and 
the breadth of the stratum (Fig. 152). 

The weight of this element of fluid = IF 8 8 y 8 1. 

The resolved part ol this weight I _ jp g y g j 
in the direction of motion ) 

The difference of tractive ^co on the upper and lower faces of the 

V 

stratum = fi .5.8 1. 8 y, where g is the coefficient of viscosity (p. 67) 

and where v is the velocity of flow in the direction of the stream. The 
fifessures on the two ends of the stratum are equal since these are at the 
same depth and are of the same area. Also since the stream is wid^. 
the variation of shear on tiie two vertical sides of the stratum may be 
neglected, as explained on p, 66. 

IFbS'uSluinO = 

df 

. W sin d __ r 

the negative sign denoting that the resultant shear force acting upon.tho 

element is in opposite direction to the force W sin 0, 

Integrating this expression twice, we get 

n , T) W sin d ^ a 
^=C + By--^f , 



Fig. 152. 
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If Vf = surface velocity, i.e., where = 0, C = v, 

, IF sin B 2 

... 

- _ i _ -JL^ V 

2n sin 0 / 2 (F sin « 

fjL ir sin B / B fi 


.*. + 


'> ■' iF sin 0 / 


2 IF sin B 2 /x , ’ sin < 
the equation to a parabola having a horizontal axis at a depth 


B IX __ 
W sin 0 


= 2/1. 


Since 


d V 

dy 


_ W sin B { ^ B II ] 

}j IX W sin 6 [ 


d ?’ 


we have = 0, i.r., the velocity is a maximum where 

d y 

^ “ iTsO’ ^ 

- a. _ 

, TF sin B « 

= '’«+-2y“-''‘ 

/. from (2) and (4) we have — ?? = ii- (t/^ — y)2, 

2 IX 

If rj, = bottom velocity, where y = /j. 

= r, + Bh - Ill'll*'-- from (2) 

2 IX 

^ ^ /, 

/i 2 /<• 

. — v. • IP B It ^ ov 

• • *’ = ’■» + ~h~ ■ y + ■' - y^- 


Also 


Tj / I \ I 14" sin d n o\ 
v — Vi, =-. I? (2/ — /<) H T) 

<S IX 


m 


( 8 ) 


<4) 

( 6 ) 


( 6 ) 


2 fx ' 

. TF sin 0 { 1 , )2 /f 7 \ 

• • '^\nnx — 2 i ?h J • ~ V*x 

While different observers have deduced different forms for the vertical 
velocity curve, the parabola with its vertex either in or below the surface 
appears to fit the majority of cases fairly well. 

The foregoing analysis is therefore interesting, as giving the correct 
form of curve. 
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J^azin, experimenting on a stream having the maximum velocity in the 
surface, obtained 

ttl — I'lumn = 25-4 V ^Sin d 
= 10’87 V vt sin 0 
= 3fi'27 V m sin 8 

the general equation being 

*-■ = {rXnax — 36-27 V m sin 6 ^ j _ 

Here is the mean velocity over the whole Rection, and in is the 
hydraulic mean depth, the dimensions being taken in feet and the velocities 
in feet per second. He also states that wherever the position of maximum 
velocity, the relation 

'fmax — n = B6*27 V m sin 6 

holds true. In the vertical plane containing the filament of maximum 
velocity, we have from ecpiation (7) 

n/. ^rr / Sio ^ 

86‘27 V in siu ^ ^ 2 /a 1 2/i P 

11^ sin 0 

Substituting the value of - thus found, in equation (5), when thoi 

2 /X 

maximum velociiy is below the surface 

-r = 36-27 Vm sin (8) 

a formula which gives fairly accurate results in practice. 

llankine states that tlie ma]rf?num, mean, and bottom velocities may bo 
taken as being in the ratio 5 : 4 : 3 in ordinary cases, and in the ratio 
4 : 8 : 2 in very slow currents, and 'these ratioa may be taken as being 
approximately correct for streams and rivers of moderate size. 

Velocity at Mid-depth. 

' ^ From equation (5) of this article, we, may obtain the mean velocity 
over any vertical by integrating the sum of such terms asv B y over the 
vertical, and by dividing this sum by its length h. Thus 

d y 


(9) 

while from (,5) we may obtain the velocity at mid-depth, i.c., where 

h 

y=-y 


W Bin 6 ih!^ j 2 


/„ 


IK sin 6 


(j)i — ?/)“ 
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Wnin 6(h^ 


— h Ih + '/i* 


Thus ■ rj,=zr^- 

% Z /A 

! ^ _ W sin 0 

■ ■ 1 “ i-in 

from which, by determination of the mid-depth velocity, the mean 
velocity may be determined. 

In general the mid-depth velocity is from 1*02 to 1*0() times the mean, 
and from *94 to *98 of the maximum. 

If y bo the depth at the point having a velocity equal to the mean, we 
have, from equations (5) and (9) 

g -Ji'ih + yi^= {yi — y}^ 


V 


= 2/1+ -s/n- — A 2/1 + 


2/1' 


Putting yi = *2 It this gives y = •f)2 h. 
I, ?/i = *3 h „ „ y = *65 1l 


Art. 97. — Permissirle Velocity in Open Channels; Erosion and 
Deposition of Silt. 

Water in motion exerts an erosive or scouring action on the bed and , 
sides of the containing clianmd, and the maximum permissible velocity 
thus depends on the nature of the bed. 

Particles of matter once disturbed, may be transported either by being 
rolled along the bod of the stream or by being carried in suspension, and 
for each material a certain critical velocity must be attained, depending on 
its size and specific gravity, before this is set in motion. Once in motion, 
however, the velocity may be reduced somewhat below this critical value 
before the material is again deposited, as is indicated (p. 344) by the 
results of experiments by Duluat^ on transportation in small wooden 
channels. 

While the erosive power of water varies as the square of its velocity, 
its transporting power, or the power to move boulders, etc., which may 
lie in its path, varies approximately as r®. This may be seen if we con- 
sider that the force exerted by the stream on any body is equal to the 
change of momentum produced in the stream passing tlie body, and since 
the area of that portion of the stream alTected is proportional to the 
sectional area, a^, of the body, this force will be equal to K lbs. 
The force resisting motion is that of the friction of the body on the 


' Pnncipen d' Hydmulique, Dubuat, Paris, 18 IG. 
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bottt)in of the stream and is proportional to its weight, and therefore to 
its volume a\ 



Bottom Velocities, in ft, per sec., at wliich 

Material. 

1 

TranspoVal.ion 

Begins. 

Material is in 
Equilibrium. 

Deposition 

Begins. 

Coarse sand .... 

1*07 

•71 

•62 

Qravel — 




Size of pea . 

•71 

•62 


„ small bean 

1-56 

1*07 

•71 

Shingle— rounded, one inch or 




more in diameter 

3-2 

2^14 

1*56 

FlintsSize of hen’s egg 

40 

3-2 

2-14 


Equating these forces, we have K = c a® 

a oc 
/. a® oc 

i,e,, the weight of the solid m^ed is proportiojial to the sixth power of 
the velocitjv Obviously this only holds so long as the bodies are similar, 
the velocity necessary to move a sphere being much less than that to 
move a cubical block of the same weight. 

''*ffhe size of particle moved by a stream over a smooth sandy bed is 

^Ven approximately hy d= incvties, where tv is its density in 

lbs. per cubic foot, and y is the velocity in feet per second.^ 

A stream which carries a certain amount of fine material in suspension 
has a greater capacity for transporting larger material than one which 
carries only the larger material. Experiments show that a stream will 
carry more than four times the weight of sand tof 4 to 5 mm. diameter' 
Ja. the presence of a certain weight of sand of *3 mm. diameter than in 
its absence.® 

While an excessive velocity of flow leads to erosion of the channel, a too 


1 Dr. G. S. Owens. Engineer, May, 15, 11)08, p. 611. 

* Engineering Newi, New Vork, voi^ 63, 1010 (p. B80). 
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sluggish flow favours the growth of aquatic plants, while any change of 
velocity from high to low in a stream carrying material in suspension, 
causes a deposition of a portion of the material, and a consequent silting 
up of the channel. In order to prevent deposit in small sewers or 
drains, a mean velocity of not less than 8 feet per second is necessary. 
For sewers from 12 to 24 inches diameter the velocity should not be less 
than 2*5 feet per second, while with larger sizes than this the velocity 
may be reduced to 2 feet per second. 

Mr, 11. G. Kennedy,^ from observations on a large number of Indian 
iriigation canals, concludes that there is a certain critical velocity at 
which a long canal will maintain its channel in silty equilibrium. This 
velocity is given by =: c h feet per second, where c has the following 
values : — 

Light sandy soil c = *82. 

Coarse sandy soil ‘90. 

Sandy loam *99. 

Coarse silt I'OT. 

Where a main canal supplies or is supplied by feeders, the various 
depths and velocities of flow should be adjusted to suit this relationship 
ill order that there may be no silting or erosion in the main or feeder 
canals. 

If V be any other velocity, and if Qo and q be the amounts of silt 
carried respectively at and v, 

q = qo approximately. 

Taking c = *84, the following table shows suitable mean velocities of 
maximum flow for equilibrium of such channels in sandy soil : — 


Depth of channel (feet) . 

2 

3 

4 

1 

5 

6 

7 8 

Mean velocity (feet per sec.) . 

— 

1*3 

1*7 

2*0 

2*4 

2*65 

2-9 8-2 


Gangidllet and Kuilcr give the following as the safe bottom and mean 
velocities, but state that these are probably too small rather than too 
large : — 

I “ Proc. Inst C.E.," v<jl. 119, 1874-5, p 281. 



846 


HYDBAULICS AND ITS APPLICATIONS 


Material of Channel. 

Safe Bottom Velocity. 
Feet per Second. 

• 

Safe Mean Velocity, 
feet per Second. 

Soft brown earth .... 

•25 

•33 

Soft loam 

•50 

•06 

Sand ...... 

1*00 

1*32 

Gravel 

* 2*00 

2*()4 

Pebbles 

3*00 

3*94 

Broken stone or flint . 

4*()0 

5*58 

Conglomerate .... 

5*00 

6*56 

Stratified rock .... 

6*00 

8*20 

Hard rock 

10*00 

13*13 


Actually, as indicated by Kennedy, the safe mean velocity depends also 
upon the ’depth. More recent work shows that at medium depths 
through firm loamy soil a mean velocity of B‘0 to 8*5 feet per second is 
safe, while with fine well-rammed gravel or loose roclt this may be 
increased to from 5 to 7 feet per second. In a concrete-lined channel 
faced with cement, the maximum safe velocity with water which carriels 
solid material in suspension is about 9 feet per second. A higher 
velocity wears and roughens the bottom until the roughness thus 
produced reduces the velocity sufiiciently to prevent further erosion. 
With an ordinary brick or heavy dry-laid rubble channel, the velocity 
should not exceed 15 feet per^econd, any higher velocity necessitating a 
carefully-laid facing of heavy masonry with cemented joints. 


Art. 98. — Gauging of Flow in Strrams and Open Channels. 

. Many methods are available for obti^ning the discharge of a stream, 
these differing widely in the accuracy of their results and the cost and 
difficifttj of their application. The method to be adopted in any case 
depends largely on the degree of accuracy required and on the size of the 
stream. 

The accuracy of a discharge measurement, whatever be the method 
adopted, depends greatly on the physical characWistics of tlie stream at 
the point of measurement. If possible this should lie on a straight 
reach and away from the influence of a bend, the bed should be per- 
manent and not strewn with boulders, and the slope and^ wetted 
perimeter such that at all stages of the stream the velocity at ail parte 
hi the section may be easily measurable. ,The banks should be sufficiently 
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high to prevent overflow in times of flood, and the section should be 
outside the sphere of influence of bridge piers or mill dams. 

Where a high degree of jlccuracy is demanded, as may be required in^ 
determining the flow of compensation water from the supifly reservoir of 
a waterworks, the best method is to deflect the stream and 
catch the whole discharge for a given time in a graduated 
tank. 

This can, however, only bo carried out in small streams 
where a measuring tank of sufficient capacity to hold the 
discharge for about two minutes is available. In this case 
the error should not ex(;eed 1 per cent. 

For larger streams, the most accurate method is that of 
gauging the flow by placing a weir across the stream and 
allowing the whole flow to take place over this or over one 
or more triangular or rectangular notches, the former being 
used for small and the latter for fairly large streams. Where 
every j)recaution is taken as explained in Art. 59 this method 
gives results which may bo relied upon as being accurate 
within about 5 per cent. As a temporary measuring con- 
trivance, however, the weir is too cumbrous and costly to be 
applied to a rivc^r of ov(m modcjrjito dioiensions, and where 
the discharge is great the only method of obtaining the dis- 
charge is to obtain as nearly as possible the mean velocity 
(v feet i)er second) of the stream, to multiply this by the 
cross sectional area (A square feet), and to get the discharge 
Q by Idle relation. 

Q = V A cubic feet per second. 

The value of v may he approximated to in many ways. 

(a) By using one or other of the foruiulae given in Art. 

85, a suitable coeflicient being ajiplied to take into account 
the state of the channel. The slope of the stream must 
then bo obtained by field observations. To do this a long 
straight reach of the river should be selected where possible, 
and the reduced levels of bench marks placed at each end 
of the reach should be olAained by levelling. The level of 
each bench mark should then be transferred to a hook gauge* 

(Fig. 153) or measuring stall jdaced in a gauge pit communicating with 
the bed of the stream through a pipe which opens out at a point away 
from any disturbing influences likely to lead to eddy formation. The 
diflerence of surface level at each end of the reach can then be obtained. 


Fig. ir.3.— 
Hook Gauge. 
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The distance from end to end of the reach may be obtained by chaining 
a line running as nearly as possible parallel to the centre line of the 
*river. Soundings should then be taken at shdrt distances apart at several 
cross sections of the stream, and these cross sections plotted. From these 
a mean value of the wetted perimeter and of the sectional area, and thus 
of the hydraulic mean depth, may be obtained, and the formula may' 
then be applied. During the whole observation period the stream should 
be' ill a state of steady flow, and neither risipg nor falling. 

The method has the disadvantage that it is extremely difficult to 
measure the slope of a river accurately. Captain Cunningham as a result 
of some hundreds of slope measurements on the Ganges Canal,^ found 
that the slope was very different at different points of a reach from one to 
two miles long, and varied by as much as 50 per cent, at different sides of 
the stream. An examination of the Mississippi‘s showed that with the 
main body of water flowing south with a velocity of four to five miles 
per hour, the water near the shore may be moving north at a speed of 
one or two miles per hour. It was in fact not unusual to find a slope 
towards the south on one bank and towards the north on the opposite 
bank. The slope then is so uncertain an element that no great accuracy 
is to be expected for any such formula, except possibly in the case of an 
artificial channel of uniform s^ection. Und6r any other circumstances the 
results cannot be relied mpoii as being accurate within 25 per cent., 
and may under specially unfavourable circumstances, even with the most 
skilful .observers, be in error45y as much as 100 per cent. 

Wherever possible, then, the mean velocity should be obtained in some 
other manner. This may be done 

(h) By using a current meter or Pitot tube to give the velocity at a 
point Qr series of points in a cross .section, and by deducing the mean 
, velocity from such observations ; ^ 

' ((?) By using one or other type ox float, and by measuring the time 
necessary for a series of these to traverse a given length of the 
channel. 

Before considering these methods in detail, a few general observations 
as to their relative advantages and disadvantages may be made. Experi- 
ment shows that the motion at any point in fin open channel is never 
steady and uniform, but suffers a series of pulsations, the periodic time 
of which may vary from a few seconds to two or three minutes, r These 
are due to a variety of causes. Eddies formed at the sides and bottom’ 

» ‘‘Proc.WtC. E.,” vol.71, p. H. 

® Report on the Mississijjpi, Hnnyihrcys and Abbot, p. 2X8. 
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drift away to every portion of the stream ; snags and hollows in the 
bed, bends, and falls, all produce some (irregular) disturbance of the 
flow, with the result that th*e velocity at a point in the surface may vary 
by 20 per cent., and at a point near the bed by as much as 50 per cent. 
(Harlacher) in a short interval of time. 

In experiments on the St. Clair River (1899) the velocity-time curves 
showed two sets of waves, small ones of 15 to GO seconds amplitude and 
larger ones of 3 to G minutes amplitude. The range of velocities as 
found from the larger waves was in some cases 85 per cent, of the mean 
velocity shown by the meter reading taken over ten minutes. These 
experiments indicate that the pulsations are very limited in extent in a 
direction at right" angles to the current. The whole depth of the river 
is affected by them, although their effect decreases from the bottom 
towards the surface. 

It follows that a float, measuring as it does the velocity due to a single 
pulsation, may give results which are greatly in error, and the only 
chance of obtaining a fair estimate of the mean velocity over a single 
section of the stream is to take the mean of a large number — 40 or 60 — 
of the values given by floats. The complexity of the motion is very 
evident when floats are used. Of a series dropped into a stream at the 
same point, no two will trace out the same path, and as may be well 
understood when the multitude of observations necessary to give any 
pretensions to accuracy is remembered, this method though at first sight 
so simple, may easily prove the most expensive method of determining 
the discharge. With current meters, on the other hand, the mean 
velocity at any point may be obtained with great accuracy, provided the 
period of observation is sufficient to cover a series of the pulsations of 
velocity. Professor Unwin found that the mean time of successive 100 
revolutions of such a meter in the Thames, when plotted, gave a very 
irregular curve, while the mean times of successive 500 revolutions gave’ 
an almost straight line. In general the time of a single observation should 
not be less than five minutes, a period of six to ten minutes being 
advisable. 

. This renders it essential that in order to avoid spending an excessive 
length of time in the field and thus running the risk of serious fluctua- 
tions in the water level, the discharge be found from single observations 
in comparatively few verticals, and that the ratio of the velocity at the 
depth chosen, to the mean velocity, be known from vertical velocity 
curves. This emphasises the importance of a thorough investigation 
of the relation between velocity and depth in a vertical longitudinal 
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plane, anti the change in this relation with any change in the state of 
a river. 


Art. 90.— Current Meters. 

Meters in use at the present day may he divided into two classes . 
(1) those in which the revolving part carries a series of helicoidal vanes 

mounted on a horizontal 
axis, and (2) those in 
which a series of conical 
or hemispherical cups is 
mounted on arms, as in 
an anemometer, on a 
vertical axis. The former 
type is illustrated in Fig. 
154, which shows the 
Aiusler mettM* and in Fig. 

K].(. I51.--Amsl^’„nont. Meter. 1^5, which sltows thc 

Haskell meter, while the 
latter is shown in Fig. 15G, which illustrates tlie Price meter. The lattef 
type of meter has some advantages over the former in that friction is 



usually less since it practically all comes on one p:)int which is easily 
protected from any grit in the water, while in addition this type will start 
in a current of less velocity than will move tlie other, and y(4 will not 
revolve as rapidly under the sapie conditions of high velocity flow. 

The meter is fitted with tf^guide vane which keeps its axis perpen- 
dicular to tlie direction of the current. The wheel may be either geared 
to a counter which records the revedutions direct and is put into and out 



FlO. 155. — Haskell Current Me^cr. 


of gear by means of a cord from the point of suspension of the meter,' or 
may make and break the contact in an electrical circuit at each revolu- 
tion, thus enabling the number of revolutions to be indicated by means 
aepunter or buzzer jilaced on shore or in a boat. The advantages of: 
the latter method in reducing the resistance to rotation and the tendency " 
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to clog are obvious, and the mechanically operated meter is becoming 
obsolete. 

The instrument is previously calibrated by towing at known velocities 
through still water, the number of revolutions corresponding to these 
velocities being recorded. It has the disadvantages that it cannot bo 
used where floating grass or weed is prevalent, and that it requires 
rating at frequent intervals. Fuither, it cannot be used at very low 
velocities. The miniinum permissible velocity depends on the type of 
meter, but in general varies from 3 to 6 inches per second. 

There are two methods of using the meter. In the first, the point ’ 



Fkj. ir>r(. — Price Current Meter, 

method, it is held successively at certain points in a cross section. In 
a shallow stream this may be done by clamping it to a staff which 
is carried by an observer in waders, and which is held vertically at the 
required points, with om? end resting on the bed of the stream. In 
deeper streams it is attached to a heavy sinker and is suspended from a 
convenient bridge or cable placed across the stream where possible, or 
from an outrigger fixed to an anchored boat where the width precludes 
this. "When the “ point ” method is used, the meter may either be held, 
(1) at several equidistant points in certain equidistant verticals, the 





852 


HYDRAULICS AND ITS APPLICATIONS 


mean velocity being deduced from these readings as explained later ; 
(2) at six-tenths, or at iiiid-depth in a series of equidistant verticals, the 
mean velocity in each of these verticals then* being found by applying a 
factor ; (B) at the surface, bottom, and mid-depth in a series of verticals ; 
(4) at the surface and bottom only, or at two-tenths and eight-tenths of the 
depth in a series of verticals, in which case the mean of the two readings 
is taken as the mean velocity in the w.rtical. While the first method is 
likely to give the best results in a steady stream, yet, as previously 
indicated, the length of time necessary to obtain the many observations 
is a serious drawback in a stream of any considerable size. 

In a large stream where it is impossible to see the bottom, owing to the 
impossibility of fixing the meter very near to the sides and bottom where 
the velocities are least, th(i results tend to be too high. To obviate this 
the meter should not bo placed nearcir to the surface than one foot. 

The mid-depth point is used because the factor, about *96, which is 
used to obtain the mean velocity is more constant for it than for any 
other point on the vertical ; while the six-tenths point giv(‘s very approxi- 
mately the true mean velocity m the vertical. I'hese factoi’s are discussed 
at further length on pp. BBT and 389. Observations taken at either of 
these points are capable of giving excellent results. 

Method (8) was adopted by Moore in his gauging of the Thames.^ 
Assuming the vertical velocity curve to be a parabola, its area is given 

by the formula vl = ^ [ -j- Vi | , h being the depth, and the 

surface and bottom velocities respectively. The discharge per second 
flowing between the tw'o end verticals is given by 

where d is the breadth of tlie successive vertical strips; the fii-st term is 
the sum of the areas of the first and velocity curves; the second term 
is four times the sum of the even sections ; and the last term is twice the 
sum of the odd sections excluding the first and last. The total discharge 
is then obtained by adding the small volume flowing between each end sec- 
tion and the shore. On account of the large variation in bottom velocity 
with a given mean flow this method is, however, not to be recommended. 

' Method (4), in which the surface and bottom velocities are measured 
is, only advisable for very sliallow steams. Experiments at Cornell 
, University show that the results thus obtained agree closely with those. 
»given by a weir if the bed is smooth or gravelly, the depth fri^m *4 to 

1 “ Proc. Inst. C. E.,” vol. 40, p. 220. 
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1*0 feet and the velocities from *4 to 1*5 feet per second. For a gravelly 
bed the meter should be held with its centre from 8 to 4 inches above the 
bottom and about 2 inches* below the surface, while with a smooth bed 
each distance should be about 2 inches. With depths between 5 and 10 
feet, the mean of velocities *5 feet above the bottom and *5 feet below the 
surface gave results too low by as much as 80 per cent. In such cases 
the mean of readings at two-tenth., and at eight-tenths the depth gives 
good results. 

In the “ integration ” method, the meter is kept in motion during the 
whole period of its immersion. It may either be moved uniformly from 
the surface to the bottom of the stream in a series of vertical lines ; 
diagonally across from one side to the other, at the same time being 
moved from the surface to the bottom several times ; or across the stream 
at a given depth. The recorded velocity is then taken as the mean 
for the particular vertical or for the whole section as the case may be. 
Although an- observation by this method can be carried out in consider- 
ably less time than by the point method, the results are not nearly so 
accurate. The velocity recorded being the resultant of the velocities of 
the meter and of the water is always higher than the true velocity, the error 
increasing with the speed of movement of the meter and also increasing 
as the velocity of flow diminishes. It is only to be recommended where 
a stream is rising or falling rapidly and where in consequence the speed 
with which tlie ol)servations can be made is a great advantage. 

Simultaneously with the velocity observations, soundings should be 
taken from whicli the cross section of the stream may be obtained. In 
a narrow stream these should be taken at intervals of from 2 to 5 feet, 
while where the breadth exceeds 100 feet, they should be taken at 
intervals of from 10 to 25 feet, depending on the roughness of the bed. 

Field Notes. — The following shows the method adopted for entering up 
field observations and computing mean velocities in the case where 
velocities are measured at several points on a cross section. 


[Gauginj^ made January 23, 1904, by B.S.D. Meter No. 349, on Dan River, Madison, N.O. 
Gauge height ; i)eginning 2-10 feet. ; end 2-26 feet ; river rising.] 


UiRtayco 
from initial 
point. 

Doptl) of 
Btroain. 

Depth of 
obHervan 
tions. 

I 

Time in 
seconds. 

Total num- 
ber of 

revolutions. 

Revolutions 
lier second. 

Velocity 
per second. 

Per cent 
of depth. 



(0-6 

500 

600 

1*20 

2-88 

17 



1-0 

500 

680 

116 

2-78 

33 

40 

0-3 

<^1-6 

500 

540 ; 

1-08 

2-59 

60 



2-0 

600 

470 

•94 

2-27 

67 



l2*6 

600 

380 1 

•76 

1-83 

83 
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These observations are recorded for a series of verticals in the cross 
section. They are then plotted on squared paper, depths as ordinates 
and velocities as abscissa), and a smooth curve is drawn through the 
plotted points, care being taken to give them as nearly as possible equal 
weight if they do not all fall on a smooth curve. From this curve 
velocities are road off at top and bottom and at equal intervals of, say, 
each *5 foot, and are set down in ordfer. Thus from the above curve we 
.get— 

0*0 ... i’, = 2*90 2-0 ... n = 2*25 

0*5 ... ri = 2-88 2*5 ... = 1*88 

1-0 ... V2 = 2-77 8-0 ... = rai 

1-5 ... r;3 = 2-58 

The mean velocity in this vertical is then computed from the pris- 
moidal formula for seven abscissa) as follows : — 

%n = IH I ''x "f + 4 {Vi -f- (/'a + t'i) } 

In this case we have : — 

r, + = 2*90 + LSI = 4*21 

4 (ri + ra + v,) = 4 { 2*88 + 2*58 + FBH } 

= 29-30 ‘ 

2 (r2 + ^4) = 2 (2-77 + 2*25) 

= 10*04 

.*. = * 1 4*21 + 29*36 + 10*04 [ 

= 2*42 * f.s. 

The cross section having been plotted, the areas of the various com- 
partments having such verticals ^as their centre lines may be obtained, 
/ither by direct measurement by planimeter or by calculation, and the 
discharge calculated as follows : — 


Compaiimont. 

Arra of Rftction 
sqnaie feel.. 

Mean velocity, 
fftftt peraecoud. 

DjRchargo 

1 c.f.s. 

1 

15*1 

1*32 

19*9 

2 

28*2 

1*97 

55*6 

3 

36*5 

2*12 

88*3 

4 

32*1 

2*56 ' 

82*4 . 

5 

23*7 

1*99 

47*2 

,6 

13*5 

1*33 

i 

17-9 


Total ... 311*0 c.f-s. 


When the vertical velocity curves have been obtained the discharge ilMiy. 
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be computed somowliat more accurately by considering the discharge 
between any two such verticals as being represented by the volume of 
the solid having these curvetfbounding opposite parallel sides as shown in 
Fig. 157. For example, the discharge between the verticals 2 and 8 in 
this figure is given by 

1 ^2 h + U h V ^2 h * 3 Ih } c.f.s. 

where r2 and are mean velocities in the verticals 2 and 8, and wliere 
//2 and //)} are the corresponding soundings, 2^:3 being the distance between 
the verticals. The discharge between the two end soundings is then 
given by the sum of such terms as the above between these soundings 



To this must he added the discharge over these sections outside the end 
soundings, which is given by 

I [ '*1 hi X h X rjf I c.f.s. 

Calibration of Current Meters. — In rating a meter it is usually suspended 
from a car or a boat, and is towed with a uniform velocity through still 
water at a de])th of 2 or 8 feet. The length of a run varies from 100 to 
800 foot, with sLillicient' of a stn’-iing run to attain a steady velocity 
before entering the measured length. It is moved in either direction 
from end to end of (he run to eliminate the effect of a current in either 
direction, and the time of the run and the number of revolutions of the 
meter are recorded by means of a chronograph. 

Thejange of velocities employed in rating should be those for which 
the meter is to be used, an*d no attempt should be made to extend the 
rating table beyond its experimental limits. 

When ill use the meter may either be suspended from a cable, in which 
case its axis is free to move about both a vertical and a horizontal axis, 
or it may be fixed to a vertical rod in such a way as to remove the second 
degree of freedom. Experiments^ indicate that the same rating table is 
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not strictly accurate for the two cases, and that with a given velocity of 
flow tlie revolutions increase as the freedom of motion decreases.^ The 
difference depends on the type of meter, and for velocities of 1 foot per 
second is usually about 2 per cent. 

A further source of inaccuracy, particularly with very low velocities of 
flow, is due to the fact that a rating carried out in still water is not quite 
accurate when applied to the same relative velocities in moving water. 


Velocity in feel per eecouJ. 

A 2 .3 A .5 .6 .7 .8 .9 1.0 1.1 1.2 13 1.4 15 



Experiments^ indicate that the meter, particularly of the cup type, doe& - 
not indicate so high a velocity when dragged through still water as 
when held in a current, the difference varying from 1 to 4 per cerit*^ 
at a velocity of 1 foot per second with different types of meter. Hie 
‘differ! n^e is about. 1 per cent, at a velocity of 2 feet per second. 

In calibrating a current meter it is usual to plot the curve copnectiOg^i 
i^'ekicity of current .and number of revolutions of meter per second. Ii^ 


* U. S. Water Supply and Irrigation Paper, Ko. 96, pp. 83—89, also p. 81, 






the majority of cases this is found to be of the form shown in Fig. IW- 
At very low speeds the friction of the* instrument varies between fairJj 
wide limits, but diminishel as the speeft increases. This causes the 
plotted points to lie more or less on a curved line, but renders this 
portion of the calibration unreliable. At a certain critical speed of the 
instrument the friction takes a fairly constant value, and the curve 
becomes very approximately a straight line of the form 

= a n + 

It is not advisable to use the meter to register speeds below the critical. 
This depends on the instrument, but is usually from 8 to fi inches per 
second, and in general it may be taken that on this account the meter is 
not a suitable instrument for the measurornent of the discharge of a 
stream if the velocity over more than 15 per cent, of its area is less than 
6 inches per second. 

A form of current meter which is occasionally used consists of a flat 
circular plate which is rigidly attached by mea.ns of a horizontal arm to 
one end of a vertical wire, th('. other end of which is fixed. The wire is 
supported in bearings,, and the free end carries a pointer which, working 
over a graduated disc, enables the aiigle of twist to be ascertained. 
In using the instrument, the pointer is adjusted to zero with the 
plate out of water and normal to the direction of flow of the stream. The 
plate is then- submerged and the angle of twist necessary to bring it once 
more normal to the direction of flow is noted. 

Then if P = force on jdate in lbs. 

I — h'ugth of arm from centre of plate to centre of wire. 

A = area, of plate in squa-re fe('t. 

6 = angle of twist of wire. 

V veloe.ity of flow of stream. 

We hav(‘ P I — K d, where K is a constant for any instrument and 
depends sohdy on i,be mtd.erial, length, and radius f)f the wire. 

Also = 1T5 A (approx.) the constant depending on the size of the 

plate, from which ^ 0, 

, I'lf) /] I 

Even with a constant velocity of flow’, however, eddy formation at the 
rear of the plate causes the value of P to undergo periodic fluctuations^ 
and the difficulty in obtaining a true mean value for dy and in keeping 
the plate normal to the direction of the stream, prevent this method from 
having any pretensions to great accuracy. The instrument is now 
practically obsolete. 
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Art. 100.— Estimation of Ykrooitv iiy Floats. 

These are liberated at a series of pf)ints in a long straight reach 
[Captain Cunningham, from ex])oriments on the Caiiges CanaE recom- 
mends that this length should not h:; hiss than 200 feet) and* the time 
occupied in covering a iiuiasured distance is noted. 

Floats may be divided into four 
classes - 

(1) Surface floats. 

(2) Sub-surface floats. 

(3) Twin floats. 

(4) Velocity rods. 

(1) Surface Floats. —These consist 
of any easily soon masses of light 
1 1 material, painted cork or discs of 

light wood for example, of small size- 
so as to move along witli, and register, 
the velocity of the surface filanuints. A series of trials are necessary to 
^et the maximum surface velocity (\ of the stream, from which tlui nu^an 
irelocity of flow may be estimated from Ikzin's formula (p. 312). It is 
preferable, however, to deduc(5 the mean , velocity in ea of a number 
A sections of the stream from repiuited observations 75f the surface 
velocity in each of these sc^ctions. The sections may be marked in a 
stream of moderate dimei^)ns by ropes hanging from a bridge or 
temporary support. 

In a large river, observations with the theodolite are necessary to 
determine the track of the float. This may be satisfactorily carried out 
as follows : — A base line A B (Fig. 159) is chained out parallel to the 
river for a length of about 250 feet,\lepending on the width of the river. 
At the two ends stalais are erected, while second stakes are erected in 
lines ranged p(u'pendicularly to llie base line, as at S 2 . An observer 
with a theodolite is stationed near the centre of the base line at C, and an 
observer is stationed at each stake, ,Si, S 2 . The float being liberated up 
stream, the theodolite observer keeps the line of collination of his instru- 
ment on this. As it passes the line of sight *S'i .4, the ohservei^if Si 
gives an audible signal and the theodolite observer notes • the Angle 
A C Pi. On passing the line S 2 B a second signal is given at the angle 
B C Pi noted. Tlie line ]\ P 2 can then be plotted. With a stream of 
moderate velocity the same observer may give the signals'^ both at 



^“Proceedings lust. Civil Engineers, ” 1882, vol. 71, 
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A and B. The effect of wind on the surface velocity, however, together 
with the tendency of tlie floats to follow every variable cross current and 
to be affected hy every surface eddy, renders the results obtained by this 
method unreliable except as approximations to the truth, 

(2) Sub-surface Floats. — These consist of bodies having surfaces of 
largo area, as illustrated for example in Fig. ICO, attached to small surface 
floats for ease of observation, the iength of connection being adjusted so 
as to allow the true float to remain at any given depth. The velocity of 
the float will then be approximately that of the current at the required 
depth. The figure shows the float used in the Connecticut Kiver survey 
in 1874. The sub-surface float was a hollow annulus of tin inches 
high, HI inches outside diameter, and 
7J inches inside diameter. This was 
weighted with 28 oz. of lead. The 
Hurfaci^ float was an ellipsoid of tin 
G inches in diameter and I’C inches 
deiqi, the connecting cord biding *080 
inches in diameter. A series of such 
floats liberated at different points in 
the cross section of a stream and 
at different depths may be used to 
give by tlieir mean velocity the mean 
' of that of th(^ str(^am, or by arrang- 
ing a single row, the depth of each 
being I that of the stream at the 
point of introduction, these may be 
taken as giving the mean velocities 
in their respective sections. While this type is more reliable than the 
surface float it suffers from the disadvantage that it is impossible to 
determine the exact position or depth of the lower float, for while the 
position of the upper float may be known, that of the lower float varies 
with the direction and velocity of the wind and with the length of cord 
connecting the two floats. Also the upper float may either drag or be 
dragged by the lower, and the upper is on this account likely to retard 
the lower where the lattei* is above the filament of maximum velocity, and 
to accelerate it when it is at a greater depth than this. As this latter 
effect extends over a greater proportion of the depth than the former, it 
would tend to make the velocities of flow recorded by the floats too 
high. Experiments made by T. G. Ellis, 1874, on the Connecticut 
River (mean velocity 2*1 ft; per sec.) with current meters and with 
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double floats^ showed that the mean velocity as found by floats wast' 
from 6 to 20 per cent, greater than ])y meter, the difference increasing 
with the velocity. Marr — October, 187ff, on* the Mississippi,^ the width 
being about 2,000 feet and the depth 16*4 feet (mean velocity 2*6 ft. per 
sec.) found the mean float velocity to be about 8*5 per cent, greater than 
the meter velocity, while Henry — 1869 — on the St. Clair Kiver*^ — 45 feet 
deep— and with a mean velocity of 3*4 feet per second, found the mean 
float velocity about 10 per cent, greater than, the meter velocity. In this 
case the float velocity was less than the meter velocity to a depth of 
about 7 feet. Below that depth the float velocity was the greater, the 
difference increasing with the depth. 

(3) Twin Floats.- These consist of two masses of equal size, usually 
spheres coupled together by means of a wire, the lower of which is 
weighted so as to remain vertically below the uj)per, wliicdi floats at the 
surface. The velocity of the float then gives the mean of the velocities at 
the surface and at the depth of the lower mass. Tf this is adjusted so as 
to just clear the bottom, the velocity of the float will be approximately the 
mean velocity for the vertical in which the instrument floats. 

(4) Velocity Rods. — The velocity rod, or rod float, c(msists of a light 
wooden rod or tin tube about 1 inch in diameter, and made in adjust- 
able lengths. The lower end of the bottohi length is weighted and the 
length adjusted until the rod floats vertically with its lower end clearing 
the bottom by a few inches. In a large river and where these are not 
likely to interfere with na\i§ation, logs of wood about 12 inches in 
diameter, having their lower ends weighted with iron and their upper ends 
painted white, may be used. 

’ ‘ The velocity of the rod is approximately the same as the mean over its 
^pth, and gives the mean velocity over the vertical in which it floats. The 
difficulty in using the rod lies in its tendency to drag over shoals and 
weeds, and to obviate this its lower end may be arranged to float at a 
height li^ above the bed of the stream. 

For such a case Francis gives the empirical formula 

»>« = r,(l 012 --llfi V'JI) 

giving the mean velocity in the vertical containing the rod in terms of the 
Velocity of the rod (iv), and h the depth of the stream. Here should 
be less than '25 lu . 

^ Report Chief Eng., U.S.A., 1878, Appendix B. 

* McKenxio, A. Report on Current Meter Observations. Burlington, 1884. 

< “ Journal Franklin Inst.,” vol. 62, p. 322. r. 
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. Of all floats the velocity rod gives the best results, and for channels of 
moderate and uniform depth, encumherod with floating weeds and grass, 
this is probably the best mfithod of obtaining the velocity. In a series of 
experiments on the Loch Katrine Aqueduct ; concreted surface ; concave 
bottom ; width D' 1"; radius of curvature 20' 10^" ; hydraulic mean depth 
2*87 feet; velocity rods 2' 2" long, gave results which agreed within J of 1 
per cent, with results as obtained by weir measurement, while the velocity 
as obtained from the maximum surface velocity, and an application of the 
formula r = Vg - 25*4 V m i, was 18 per cent, too low. 

An elaborate scries of experiments was carried out in 1856 by 
J. B. Francis on the Lo^vell CanaF to determine the relative accuracy of 
weir and rod float nK^asurements, this canal being 27*75 feet wide where 
the fli'sL (18 cxp(iriments were made and 14 fojei wide where the remaining 
52 wer('< made. The buigth of run was 70 feet, the floats being loaded tin 
tubes, 2 iTuflii.s in diameter. From these it was found that the mean 
4iiTerence in the discharge as obtained by the two methods was less than 
2 pel cent, in all but three of the experiments, the mean dilfercnce being 
about 1 ])er cent. The mean velocity in these experiments varied from 
/5 to 5 feet ])or second. 

Experiments in 1900 at Cornell University showed about the same 
degree', of accuracy in the case of flow’ in a canal 16 feet wide and with 
depths of water ranging from 5 to 10 feet, and velocities of flow up to 
2*07 feet per second. The immersed portions of the rods varied from 
75 per cent, to 95 jier cent, of the depth of the stream, and tke length of 
measured lun varied from 7 to 25 feet, depending on the velocity. In 
every case the float velocity was slightly less than that given by the 
weir. 

Other Methods of Measuring the Velocity. 

AiiT. 101.- liipPLE Foumation. 

An ingenious method of obtainwig the surface velocity at various points 
in the cross section of a stream was described by Mr. E. C. Thrupp 
(“ Proc. Tnst. C.E.,” vol. 167, 1907, p. 217). This depends upon the fact 
that jf a small olislriiction cut the surface of a stream, ripples are formed 
if the velocity exceeds about 9 inches per second, while the angle of 
divergence of these ripples appears to bear a definite relation to the 
surface velocity. To overcome the difficulty of accurately measuring this 
angle Mr. Thrupp constructed a velocity meter consisting of two vertical 

1 Lowell, Hydraulic Experiments, p. 170. 

* “ Tiaus. Am#Soc. C.E.,” vol. 12, p. 301. 
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pegs (J iron nails) at a known distance d indies apart, with a scale for;! 
measuring the distance from the base line of the point of intersection of 
the ripples formed. Calling this distance I (Fig. 101), the following 
equations were found to give the surface velocity in feet per second. 

For d - 0", r = *40 + •200 /. 

„ d ~ 4", r =^*40 + -280 L 

With d = 0" and with a velocity of *8 feet per second the value of I is 
about 2 inches, while with a velocity of 3*6 feet per second, I is 15 
inches. 

This method would appear to be capable of results at least as accurate 
as those obtained by the use of surface floats, and possibly more so because 
of the greater possibilities of accuracy in the determination of the area of 

the stream at one definite cross 
section. 

The Pitot Tube. — The velo- 
city at any point in the cross' 
section may also be estimated 
])y means of the Pitot ‘tube 
(Alt ()8), p. 217. ' 

This method is not so well 
adapted for measuring such 
low velocities as usually occur 
in open channels as for higher 
velocities such as are more 
common in pipe flow. 

For small, shallow, and rapid 
./ streams it is, however, capable 

of giving fairly good results. Fig. 162 shows a tube, with positive and nega- 
tive pressure openings as used for the ratting of such streams by the United 
States Geological Survey. This tube was rated in still water in a reservoir 
and in moving water, being placed for the latter rating at about 80 points 
in the cross section of a channel 1 foot wide and *6 feet deep. The former < 
rating gave values of C in the formula F = (7 V 2 h ranging from *855 
to *87, with a mean value of *86. The velocities as found by this tubofrom 
the still water rating, were invariably greater than were given by the moving 
water rating the average difference being 6*4 per cent.^ This great difference 
is, however, probably due partly to the comparatively large disturbing 
^effect of the tube in such a small channel, and partly to the impossibility, 
of taking measurements near the walls where the velocity is leasts 

1 Engineering. Mews, vol. 63^ No. 7, p. 171. 
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The Hydrometric Pendulum. - Where flow takes place through an uniform 
channel of small dimensions, and where the velocity can be initially 
determined by some accurate method, as by a weir, the hydrometric 
pendulum may be calibrated so as to record this 
velocity at any future time. The instrument 
c insists of a pendulum having^ a submerged 
Spherical bob which is heavier than the water 
which it displaces, and which hangs vertically 
when the water is at rest. When in motion the 
pressure of the water causes the pendulum to 
take up an inclined position, the angle of inclina- 
tion being a measure of the velocity, and from 
a previous calibration, this may be read off 
directly. 

Measurement of Flow in a Parallel Conduit. — A 

n.ethod recently devised^ for measuring the dis- 
chai’ge from a parallel conduit consists in the 
provision of a light but rigid apron of canvas 
over a framework of angle iron, sus^iended verti- 
cally from a light carriage which runs on rails 
fixed on either side of the conduit. When 
lowered, the apron fills the conduit with very 
little clearance and is carried along with the 
same velocity as the stream. Its velocity is then 
measured by a chronometer and electrical con- 
tacts. This method necessitates a conduit of 80 
to 100 feet in length, and has been applied to 
conduits up to 20 feet wide and 12 feet deep, for 
the measurement of the water :-;upplied to tur- 
bines under test. 



Fig. 162. — Pitot Tube for 
Steam Katiug. 


Art. 102.“Stream Rating Tables. 

The usual object of velocity measurements in a 
rivty' is the construction of a rating table, which 
shall show the relation at a given point between 
the height of water, referred to some permanent bench mark, and the 
discharge of the river. In order to prepare such a table it is necessary to 
obtain the discharge at various stages of a stream, covering the usual 

1 By Prof. E. Andersson of Stockholm. See Zeitschrift des Vereins Deutscher Ingenwur^^ 
AprU 20, 1007. 
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taige of fluctuation. Usually the data are embodied in the form of a 
ating curve, showing graphically the relationship between discharge 
^d height of surface level. Tlie length of time cluring which such a curve 
ian be safely applied depends on the class of channel. Where the channel 
B constantly shifting it cannot be used for many months unless the 
loundings are frequently checked with reference to the original datum 
evel. 

Art. 103. Gauging of Ice-Covered Streams. 

When a river is ice bound its flow becomes somewhat similar to that in 
i closed flume, the water now flowing under pressure. A series of 
neasurements of such streams by members of the IJ.S. Geol. Survey^ lead 
50 the following conclusions : 

(1) The maximum velocity occurs at a point between 35 per (^etit. and 
10 per cent, of the depth measured from the underside of the ice. The 
ratio of mean to maximum velocity ranges from ahf)ut '80 with a depth of 
3 feet to *02 with a depth of 11) hiot, having a mean value of *85. 

(2) There are two points of mean velocity on a vertical, the first lying 
between '08 and *013 of the depth, and the second between *68 and *74 ot 
the depth. 

(3) The vertical velocity curve becomes more concave as the river rises, 
owing to the increased head. 

(4) In making gaugings of ^uch streams the vertical velocity curve 
method,,or tlie integration niffthod, should be adopted in preference to 
any of the single-point and co-eflicient methods. 

Examples. 

(1) Auanal wliose depth is 4 feet, having slopes 2 to 1, has a bottom 
t^idth of 10 feet. The bed is of earth (Kutter’s N = *025), and the 
gradient is 1 foot per mile. Determine the discharge in cubic feet per 
second. 

Hydraulic mean dejdh = 2*58 feet. 

Answer - G = 68*8. 

Discharge = 109*5 cubic feet per second. 

' (2) A rectangular flume 4 feet wide and 2 feet deep is roughly con- 
structed of unplaned timber, and is required to deliver 80 cubic Jfeet of 
^p-ter per second. Determine the necessary gradient, and assuming it to 
supply “water to a power station distant 6 miles from the supply re'^ervoiti 


I Water Supply and irrigation Paper. No, 95, p. 168. 
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determine the percentage lo^B in transmission if the difference of level 
between the supply reservoir and tail race is 500 feet. C = 127*6. 

Answer. Gradient 1 in 162*9. 

Loss of energy = 82*4 per cent. 

(8) A flat-bottomed channel is required tc have a constant velocity of 
flow for all depths of water. Tlie^ bottom breadth is 5 feet. Determine 
the depth at a section where the breadth is 20 feet, if the hydraulic mean 
depth is 1*25 feet. C = 60. 

Answer. 4*35 feet. 

(4) The original depth of a wide stream is 3 feet, and the slope of its 
bed is 1 in 1,000, the value of y' being *0131, C = 70. Adam 10 feethigh 
is erected across tlie stream. Determine the rise in the water level 
immediately behind the dam and at points | and 1 mile up stream. 
(Assume the coefficient of discharge for the dam to be *560.) 

Answer. Pdse behind dam = 9*28 feet. 

„ ^ mile up stream = 6*87 feet. 

1 = 4*04 

(5) Tt is required to excavate a canal out of rock to bo of rectangular 
section and to bring 500 cubic feet of water per second from a distance of 
4 miles with a velocity of 7J feet per second. Determine the gradient and 
the most suitable section for the canal. Take C = 150. 

Answer. Section 11*54 feet wide, 5*77 feet deep. 

Gradient 1 in 1,156. • 

(6) In carrying out field operations to determine the discharge of a 

river, a straight reach 500 feet long is available. The slope is approxi- 
mately yoou(T> levelling is possibly accurate within foot. The 

possible error in determining the wetted perimeter is 8 per cent., and in 
determining the mean sectional Jirea is 5 per cent. To what degree of 
accuracy are the final results likely to approi^imate. 

Answer. Witliin about 13^ per cent. 

(7) The value of / for a stream having a slope of is *0050* 
Normally, the stream is of depth 4 feet and breadth 60 feet, but is passed 
through a sluice having an opening 2J feet deep. Determine whether the 
conditions are such as to lead to the formation of a standing waVe, and if 
so determine the probable height of the crest of this wave above the upper 
edge of the sluice. 


Answer. Yes. *98 feet. 
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Impact of Jits on Stationary and ‘Moving Van|BS— Distribution of Pressure over Plate*- 
Graphical Construction to determine Pressure on a Vaiic — Centre of Pressure on Vane- 
Compounding of Jets - Kesislance of Submerged ^%ne Surfaces— Kudder Action - 
Resistance of Submerged Roilics— Resistance and Propulsion of Ships— Jet Propulsion. 

Art. 104. — Impact of Jets. 

When a steady jet of water impinges on any solid surface there is none 
of the rebound which follows the impact of two solid hfidies. Instead 
of this, a thin stream is formed which glides along the surface until it 
reaches the boundaries, when it leaves approximately tangential to the 
surface. 

In theoretical discussions it is usual to assume that the sheet of water 
leaves the surface tangentially. Actually the action is similar to that 
indicated in Fig. 103, where the dotted lines indicate the true path of 
the sheet. 

This digression from a straight path is due to the force exerted hy the 
surface tension of the film of water clinging to the outer periphery of the 
plate. It may be reduced hy making the edges of the plate extremely 
thin, and ia of less coiisequ^fce as the velocity of the issuing stream 
is increased, and as the inertia of the water becomes, in consequence, of 
greater relative importance. 

^^Vhen the initial and final directions and velocities of an impinging jet 
are known, the pressure which it exerts on the surface in any direction 
Uiay be calculated by equating this pressure to the total change of 
momentum of the jet per second in this direction. 

It is important at this stage to differentiate between the absolute’* 
and ** relative ” velocities of a jet. Thus, if the jet be projected from a 
fixed nozzle and strike a moving surface, its velocity may be considered 
from the point of view of a person standing by the nozzle and who notes 
its velocity relatively to the earth, or from that of a person moving with/ 
the surface struck, and who notes the motion relative to this moving 
surface. The first person then notes the absolute, and the second the 
relative velocity of the jet. ‘ 

In the case of impact on a fixed surface the change of relative velocity; 
ii impact is identical with the change of absolute velocity, Rnd 
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applying the equation of momentum either may be considered. In any 
other case, however, the change of momentum must be measured by 
the change of ahsoluie a Ad not of relative 
velocity. 

If friction be neglected and also losses due 
to shock, the velocity relative to the surface 
will be uiuiffected by the impact.® Also, the 
pressure exerted on the surface at any point 
will be in the direction of the normal at tliat 
point. On these assumptions we may consider 
the following cases : — 

(1) Normal Impact on a Stationary Plane Sur- 
face (Fig. 163). 

Let .4 — sectional area of jet in square feet. 

V = velocity of jet in feet per second. 

Then the weight of W’ater impinging on 
tlie ]4ane per second = JV A r lbs., whore 
W is the weight of 1 cubic foot of water. 



Fio. lf)3. 


The initial momentum of this per second normal to the plane 


ir^i 

if 


~ ft. lb. units. 


Since the final velocity is tangential to the plane, the final momentum 
normal to the plane = 0. 


Changes of momentum per second normal to plane = - 


W.Ail 

9 



lbs. 


.*. Normal pressure on plane 

= 

9 

If 6 be the angle which the 
sheet of water makes with the 
plane of the surface on leaving, 
the final velocity per second nor- 
mal to the plane = v sin 0^ and 
the momentum in this direction 
W A 


9 


sin 6. 


The change of momentum 
per second and therefore the pressure normal to the plane is now 

• (1 — sin 6) lbs. 
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(2) Oblique Impact on a Stationary Plane Surface (Fig. 164). 

Assuming the jet to be of the same width as the plane and to be pre- 
vented from spreading sideways by flanges, p&rfc of the stream will escape 
from each end of the plane. The sectional area of each of these streams 
can be calculated by expressing the fact that the change of momentum 
parallel to the plate is unchanged by impact if friction be neglected. 



Suppose the jet of unit width and of area /, the thickness of the discharge 
streams being and t 2 . 

'’'<"Let ^ be the (acute) angle between the direction of the jet and the 
plane, v the velocity of the jet. 


Then initial momentum parallel to plane = 
and final momentum parallel to plane = 


W t 

cos 


<1 

W 

y 


{k - k) 


i cos ^ = <2 — 


But 


^ Also 


t=.k + k 


k ~ 1 — cos ^ 
^ 1 + COB 


i.e,, k > 


k^ 
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Again, the initial momentum, in a direction perpendicular to the plan^ 
W tr^ , 

-= — — . sin 6, and the ifinal momentum in this direction = 0. 

W 1 17^ 

Normal pressure on plane = . sin 6 lbs. 

W tv^ 

Pressure in direction of jet -*-= — ~ — . sin '^6 lbs. 

Impact on Stationary Curved Vane (Fig. 165). 

If the inclined plane of the previous case be fitted with ends curved so 
as to deilect the escaping streams into directions making angles a and |8 
with that of the jet, the pressure on the vane in the direction of the jet 
will be increased or diminished according as a and jS are greater or less 
than 90°. 


As before 


The final momentum per see. in ) _ 

. 1 • i ■ . i' j 1. . • j t* *”* " « 




the direction of the mt 


Change of momentum per sec. 
in this direction, hy impact 
Pressure on vane in direction of jet 

= 

“ 9 ^ 

This is a maximum when 
a 180° and /3 = 180°, i.e., 
when the disclvarge is returned 
parallel to the jet, and then has 

the value ^ t lbs. In this 
0 

particular case, as whenever 
a = ^, the pressure is indepen- 
ient of 0, the angle of impact. 

(3) Impact on a Surface of Revo - 
ution Symmetrical with respect 
lo the Jet (Fig. 166). 


0 
W 
9 


h V cos a + f 2 COB jS} 
fi cos a + fa cos jS } 
t — ti cos a ~ ti COB /3 } 


lbs. 



Fio. 166 . 


Here let a = angle of deflectipn of jet 
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Then the initial momentum per sec. in ) __ 
direction of jet ^ 

Final momentum per sec. in this direction = - . cos a 

Change of momentum por sec. ' = ) W A 

^ ‘ r r I = (1- cos a) lbs. 

pressure on surface in tins direction ) ff 

This is a maximum when cos a is a minimum, i.c., when a = 180^, as 

in the case in a hemispherical cup. 

Here the pressure - lbs. 


Aut. 105. — Actual Fouce of Imvact. 

In practice, with flat or recurved vanes, the pressure actually obtaiiU3d 
is always slightly less than that given by the above formulae. With 
normal incidence on a flat plane, as previously explained, the discharging 
stream is always slightly inclined' to the plane and possesses some 
undestroyed momentum in that direction. This, too, however large the 
plane (within practical limits). If the plane is too small so tliat the 
direction of the whole mass of water has not been completely changed 
before discharge, a further loss will occur. To obviate this the diameter 
of plate should bo not less than three times the diameter of the jet. 

In the case of a curved vane or of a plane with oblicpie impact, any 
change in the velocity of discj^ge affects the change of momentum and 
hence tlie force of impact. In every case the final velocity is reduced by 
surface friction and generally also l^y loss of energy due to eddy formation 
in the mass of dead water at the point of impact of an unsteady jet. This 
irftter loss is obviated when the jet strikes the plane tangentially and also 
when the jet has stream line motion. ' The total effect de))cmds largely on 
the size and form of the vanes. Where these are arranged to delliict the 
jet through less than 90' the actual should exceed the theore^tical pressure 
since these losses reduce the final momentum and thus increase the change 
of momentum. Where the jet is deflected through more than 90° thf 
actual pressure is less than the theoretical, while with normal incidenc< 
the velocity of discharge only affects the force of impact in that the cffeci 
of surface tension in affecting the angle of discharge, is more marked a< 
this velocity diminishes. This latter effect is, of course, common to ever;j 
.form of vane, but becomes of less importance as the angle of de^ectioi 
?in<sreases or decreases from ^90°! 

On the whole, the ratio of actual to theoretical pressure "hiay b 
exited to become less as the angle of deflection is increased from 90^ fe 
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180^ and to have it9.:niiniiinim value for the latter angle, while its value 
may Ixi expected to become more nearly equal to unity as the velocity of 
impact increases. For let ri and ?‘2 he the initial and final velocities of 
the jet relative to the vane. Then neglecting changes of level at impact 
and losses due to eddy formation, we have, per lb. of the water, 


ri- 




2// *‘1 (j 111 


Where / = coefficient of friction between water and vane. 

I = length of path of contact of jet in feet. 

VI = hydraulic mean depth of stream in contact with vane 
= thickness of stream, 

and where n is less than 2 for any but very rough surfaces. For such 
surfaces as are commonly met with forming the vanes of impulse 
turbines, n may be taken as 1*88 a.nd/ as *005. 

Also if /'i — 0*2 is small, as is usually the case, v may be taken equal to 
^ j, without sensible error 


li- 


fi 


=:r,^ 


and since the ratio 
of deflection 


m vi 

ax^ssurc __ Vi — 72 cos Q 
tlieoietical pressure n — vi cos a 


jicJual 


, where a = angle 


-COSaV 


thib equals 1— cosa”' -(approximately^ 

= 1 + 4-.T ) (approximately) 

1 — COS a \ 2 III ^ ^ ^ 

an expression which diminishes as a (Fig. lOfi) increases from 90” to 180°, 
and wdiich increases, for values of a between those limits, as 7’ increases. 

ExAMPTiU. 

A 1 incli circular jet strikes tlje bucket of a Pelton wheel with a relative 
velocity of 50 feet ]) a* second. The wetted surface is 20 square inches, 
the bucket being 4 inches wide and 3 inches broad, so that the escaping 
streams are each 3 inches wide. The length of path of contact is 
3*83 inches = *277 feet. 

•7854 

144 , . sectional area of jet _ . . 

m = - feet = — . ,;Yr - = 0109 feet 

0 width of streams 

12 
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Vi = ri J I- -ones = '967 I'l. 


* , actual pressure 1 
Also - — . , = 

theoretical pressure 


•— *967 cos a 
1 — cos a 


If a = 160° (cos a = — ’OSO?) the ratio becomes *984, a value which 
would diminish as the velocity diminished. This demonstration has 
neglected any loss directly due to eddy formation. The actual ratio in 
the case of a Pel ton wheel bucket, where such loss is small,- would prob- 
ably be about *95, and would be less than this in the case of a jet 
impinging normally at the centre of a hemispherical cup. 

The following are the results of a series of experiments carried out by 
the author on an apparatus designed by Professor Osborne Reynolds to 
determine the ratio of actual to theoretical force of impact, under varying 
conditions. In each case the surface to be acted upon was rigidly hxed 
to the end of a horizontal lever, which was then accurately balanced. A 
vertical jet was allow'ed to impinge from below on this sui face, and the 
flow was adjusted until the force of impact was sufficient to balance a 
known weight resting on the lever vertically above the axis of the 
jet, and to cause the lever to float in its equilibrium position. The ^ 
velocity of impact was measured by measuring the area of the discharge 
orifice and the weight of water discharged in a given time, and by taking 
into 'account the height li (small) between the orifice and the surface. 
Thus if 15 = velocity of impi^ and Vo = velocity at orifice, wo have 
V = 2 [f k 

The surfaces experimented upon consisted of three flat circular brass 
ploJieB of diameters respectively *54 inch, 1*15 inches, and 2*0 inches, 
each Iq- inch thick and having edges perpendicular to the plane of the 
plate ; a similar flat plate of 2 inches diameter, having its rear face 
ground down until it formed a knife-edge around the discharging 
periphery; and a plain hemispherical cup of 1 inch diameter. The 
diameter of the orifice was accurately *200 inch. 

The .results of these experiments are tabulated below. 


(1) Flat Plate *54 in, diameter^ in. thick. 


Velocity v ft. per sec.. 

25*60 

82*61 

36*70 

49*10 

50*78 

58-95 

,, actual ’ 1 

calculated 

•891 

•940 

•874 

•858 

•914 j 

i 

* 

^•917, j. 

! 
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(2) Flat IHate 1*15 hu. diameter, ^ in, thick. 


Velocity . . . ! 

^5*82 

32*21 

86*90 

48*05 

64-70 

Batio . . . 

*874 


*805 

■8i)7 

. -877 


(8) Flaf Plate 2*0 w», diameter, in. thick, i 


Velocity 

25*94 

31-9‘2 

87*85 ! 

48*05 

1 

50*78 ! 

57-lfi . 

Batio . 

•870 

•978 

•881 

*897 

*914 

•956 


(4) Fiat Plate. 2*0 hw. diameter, (f round to knife edge. 


j 

Velocity . 

25-8 

88*6 

86*15 

41*90 

46*55 

52-50 

57*80 

Batio 

•901 

•903 

•906 

•925 

•944 

•956 

•962 


(5) Hemispherical cap, 1 in. diameter. 


Velocity 

18*19 

22-6C 

88-45 

48*15 

51-15 

54*50 

Batio . 

•890 

•963 

•890 

•853 

•833 

•834 


Ill the first three of the flat-plate experiments, the mo*Bt noteworthy 
features are the remarkable increase in efficiency in each case with a 
velocity of about 32 feet per second (an effect which is also marked in the 
case of the hemispherical cup at about 22 feet per second), and the dis- 
turbing effect of the capillary action at the periphery. This deflected the 
escaping stream upward through an angle varying from 3® to 6°, the 
value of 1 — sin 0 varying between *9477 and *8955. With a sharp- 
edged periphery the effect of surface tension was less marked, particularly 
at low velocities, the angle apparently varying steadily from about 6° td 
2 ^ ((1 — gin B) from *913 to *965) as the velocity increased. 

It will be noticed that, except at very high velocities and at the criti- 
cal ” velocity, the smallest was quite as efficient as the two larger plates. 

In the case of the hemispherical cup, the escaping stream, which 
theoretically should have been vertical, showed the effect of capillary 
attraction by being inclined at 13® to the vertical. On taking this into 
account, the ratio of actual to theoretical pressure is increased by about 
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1 per cent, in each case. The reduction of efficiency at high as com- 
pared with low velocities, is here to be accounted for by the interference 
of the descending stream with the ascending jet.' 

One interesting difference is to be noted between the behaviour of a 
steady jot and of an unsteady (sinuous) jet on impact. The former 
invariably impinges without any splashing. The latter, on the other hand, 



is always accompanied by considerable splash. With a steady jet there 
appears to be no formation of deadwater at the central point of impact, 
such as is indicated in black in the sketches in Figs. 165 and 166. 


^ Art. 10r).-*-DiSTiiiRUTioN of Pressure oyer Plate at Imiuct. 

In general, this is unimportant, the total pressure only being needed, 
Owiug to the curvature of the stream in the neighbourhood of. the 
pkte (Fig. 167), and to’ the centrifugal force caused thereby, the pressure. 
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increases along the radius of curvature towards the surface of the 
plate and the centre of the jet, the velocity suffering a corresponding 
diminution. • 

Assuming no loss of energy before impact, the energy per lb. of water 
2 

will be ^ = h ft. lbs., where, in the case of a vertical jet, k is the height 

of the free surface of the supply oresorvob’ above the plate. Tims, at thd* 
centre of the jet at the plate where the velocity is zero, the pressure 

W < 

intensity will have its maximum value W h=: lbs. i)er square foot. 

From this point the pressure intensity falls off radially as indicated in 
the liguve, the pressure curve being approximately as shown. 

Ex])eriiiient8 show that the pressure at the centre of the jet is 

practically the same as (slightly less than) that corresponding to ^ feet 


of water. 

The following table, taken in abstract from the Eoorkoo Papers on 
Indian Engineering (“ Proc. Inst. C.E.,” vol. 00, p. 430), shows the 
pressure exerted at different radii by a vertical jet IJg" diameter, when 
impinging normally on a fixed plate. 


from free surface in 
coMlainintj vcsm'I to surface 
of plate 111 inches. 


27-125 

>> 

jj 

27 


»> 


jj 

it 

20-5 

a 

a 

i» 

a 

a 

a 


llaclial (liblance from axis 
of jet 111 inches. 


‘000 

•125 

•225 

•325 

•425 

•525 

• -025 
•725 

• -825 
•925 

1-125 

1-225 

1-325 

1-425 

1- 525 

2- 025 
2-075 
2-350 


T’reKsure inf onsity on plate 
ill iiiclies of water. 


^>•875 

20*75 

20*375 

20*125 

25*50 

24*50 

23*25 

21*75 

20*25 

18*00 

13*50 

10*75 

8-00 

0*25 

4-50 

4*00 

3-50 

2*00 
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In general, with a plate having a diameter from two to three times that of 
the jet, the total pressure exerted will exceed 90 per cent, of the theoretical. 

Aiit. 107. —Impact on Moving Vanes. 

Let V be the velocity of the jet in feet per second. 

„ uhQ the velocity of the vane in the direction of motion of the jet. 
Then the relative velocity of jet and vane = r — u. 



(1) Impact on a single vane curved through an angle a, and moving in the 
direction of the jet (Fig. 168). 

Here the weight of water | rrr 4 , ^ n 

I = W A {v - n) lbs. 
striking the yane per sec. ' 


Initial promentum in 
direction of motion 
Final velocity in direc- 
‘V tion of motion 
. * . Final - momentum in 1 
^ . direction of motion 1 
Change of momentum | 
in this direction ) 


W A (v — }() V 
= + (r — n) cos a 


, ^ . Work done on vane = 

Initial .kinetic energy of) _ 
jet ■ j ~ 

Efficiency 


WA 
ff 

WA 
9 

WA 

0 
W A 

- - {v — uf (1 — cos a) u ft. lbs. per sec. 


I (v -f' u) % -f* 0^ “ cos a I 
\{v ^ u)\v - u — (v — n) cos a ] } 
(v — n )^ (1 — COB a) 


^^9 


ft. lbs. 


2 (v — uf (1 — cos a) u 


= ri. 
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For maximum efficiency 


d fj 
d tt 


= 0 


so that 


2 (v — ft)2 — 4 (t? — It) u = 0 
either v = it or i? — u = 2 n 

V =: S u. 


In the first case the velocity of the jet is unchanged and the work d'lnc 
on the vane is zero. In the second*case we have : — 

JV 4 / 2 \2 

Work done on vane = ^ v \ (1 _ cos a) ft. lbs. per sec. 


4 W A 


27 

8 


9 


. V® (1 — cos tt) ft. lbs. per sec. 


. Efficiency (max.) = ^ (1 — cos a). 

This has its greatest value when a = 180°, and then equals 


16 

27' 


When a = 90°, i.e., in the case of normal impact on a single flat plate, 
we have, as before, the maximum efficiency when = q, and then 


efficiency (max.) : 


27‘ 


(2) Impact on a Series of Moving Vanes. 

If, instead of a single vane, we have a series of vanes successively 
placed in the path of the jet at frequent intervals, the weight of water 
striking these vanes per second becomes W A v lbs. 

If the vanes form surfaces of revolution having their axes in the line 
of action of the jet, neglecting losses due to splash we have, if a be the 
angle through which the stream is deflected : — 


WA V 


{V — It) (1 — cos tt) 


Change of momentum 
per second in direction 
of jet 

W A V 

. • . Total pressure on vanes = — - — (v ~ tt) (1 — cos a) lbs. 

TV A r u , 


Work done on vanes per 1 __ 
Becohd ) 

Efficiency = 


■ (v — t/) (1 — cos a) ft. lbs. 


2 (v t/Hr -- n) (1 — cos a) _ 


= V 


d> 7] 


For maximum efficiency ^ ^ = 0 
V{v — Vi)^VU=:0 



X (1 — cos a) 

Ffliciency (max.) = — ^3 

__ I ■— cos a 
- 2 

This is a mnximum for a = 180^ i.e.^ with a series of heniisphorical 
cups and then equals unity. With a scries flat plains having UMrmal 
incidence a = 90^“* and the efficiency equals *6. 

Art. 108 . — Impact on one op a Series op liEeuiiVEu Yanks whose 
Direction op Motion makes an Angle wutij i’ii\T of t -k Jet. 

This problem is one of much importance in ihi design if iniiiulsc 
turbines. Let a be the angle between the directions of / :i,nd of a, and 



let 0 be the total angle through which the vane is recurved (Fig. 1^9).^ 
Then if, as is usual, the incidence is tangential, the relative velocity of 
jet and vane at impact is given by 

= v ^ + 71 ^ — 2 V cos a (triangle ah c .) 
ftnd, neglecting friction apd eddy losses, the relative velocity atHlischarg^^ 
will be the same as this. 
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: t? COS a 


Also, for tangential incidence, the direction of the vane at incidence 
must be parallel to the direction of the jet relative to the vane, and mttel 
therefore make an angle i/3 Vith the direction of motion of the vane 
where is obtained from the relationship (triangle a h c). 

Sin jS = 7 . sin a. 

The initial velocity of jet in the dii*ection of motion of vane 
,, final ,, „ „ ,, ,, 

= u — ?v cos (180^' — ^ — /3) 

= w -f Vf cos {6 + p) 

Change of momentum per sec.| ___ 
in direction of motion of vane) g 
W Q 
9 


Press on vane = 


cos a ■— M cos 


cos a — — 1 \ cos {0 “h P) I 

(^ + ^))lbs. 


Aai. 109.— Graphical Constiiuotion to Determine the Pressuri 
Exerted on a Vane (Fig. 170). 

(1) Impact on a Fixed Vane. 

Let the vector BA represent the initial velocity of the jet in feet pe: 
second. 



Let^he vector BC represent its final velocity on leaving the vane. 

Then „ „ AC represents the change of velocity, and therefore 

gives a measure of the resultant pressure on the 
vane, for if IP Q lbs. of water strike the vane per 
second, tlie change of nionientum in the direction 
A C per second = W Q. AC g. 
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Resultant pressure on vane acts in the direction C A and is of 
magnitude - . G A lbs. 

(2) Impact on One of a Series of Moving Vanes. 

Let BA (Fig. 171 a and h) represent the initial velocity of the jet in 
magnitude and direction. 

Let BC represent the velocity of* the vane. 

Then CA represents the relative velocity of the water over the surface 
of the vane. 

Draw E F = C A tangential to the vane at exit and make F G equal 
and parallel to B C. The vector EG ^ which represents the velocity com- 



@ ^ © 
FlO. 171. 


pounded of the velocity of the vane and of that of the water relative to 
the vane, now gives the absolute velocity of the discharge stream. 

Drawing B H equal and parallel to E G,the acceleration which is given 
to the water by the vane is represented by A and the resultant pressure 


WO . * 

on the vane P = — — . HA lbs. The line of action of this pressure 

is parallel to H A, , 

The effective pressure is the component of this in the direction pt 

0 j. ' 

motion of the vane. Thus in Fig. 171 a, this is given by rLM lbs4 

, « Q * ' ■ "'/W 

and the work done'per second by . LM , BC ft. lbs. In Pig. 17J i, 
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the effective pressure = 


CA lbs. and the work per second 


JV,Q 

9 


. CA . nc ft. lbs. 


Also 


By producing A 11 to K (Fig. 171 a) and dropping perpendiculars 
B Kf C X, on to A II, we can prove tjmt 

7] ~ - iTa (771 + 2 /T//). 

Also, since CA represents the initial relative velocity of jet and vane 
and CH their final relative velocity, we have -^neglecting friction — 
C“77 = CT. 1 = 2 II X 

K A = KII + 2 II X 

K A + K II = 11 A A- 2 K 11 = 2 {K II II X) 
HA+^XH = 2KX 
2KX_ L M 
2 BC^ A IT 
.*. II A {II A + ^ K II) =2 (L M . B C) 

/. Work done = {B A!^ — B W) 

2 <7 

W-Q. 2 2X 

where v\ and are the initial and final absolute velocities of the water. 

. Work done on vane , 

hijaiciency = “-r-=~T per second 

Total energy of jet ^ 

-'2) 

Centre of Pressure on Vane. The position of the centre of pressure on 
any vane receiving a jet tangentially may he determined as follows. 
Consider any small arc B Q (Fig. 172 a) of the vane. If the velocity is 
si;ppos4id unaltered by friction, P A and A Q, tangents at P and 
represent to some scale the (equal) velocities at P and Q, while B Q, 
perpendicular to the chord P Q, represents to the same scale the change 
of velocity between P and Q. Normals P C and Q C to the curve inter- 

II Q p Q 

sect in C, the centre of curvature of the arc, and -j-y = so that if 

A Q PC 

P C represent the velocity i; at the chord P Q represents the change of 
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velocity between P and Q and the resultant pressure on the arc P Q is 

]\\() , ’ 
given by ‘ . PQ lbs., if Q is the volume in cubic feet striking the 

vane per second. 

Thus if a scries of normals to the curve are drawn intersecting at 
Cl, C 2 , C 3 , etc. (Fig. 17‘2 />), the pressure on the corresponding arcs will be 

given by • {rir([hjsl these pressures act outwards 

through the middle points of their respective arcs. Drawing in the lines 



representing these pressures etc., the funicular ])olygon for 

these forces may be drawn, and the line of action of their resultant 
obtained as explained in any work on applied mechanics. The point of 
intersection of this line with the surface of the yane gives the centre of 
preBsure on the vane. ^ , 

If the velocity varies from point to point of the vane the same general 
principles apply except that now the velocity v in the expresston-— * 

pressure = — — IradiusJ ^ ‘ point. ^Yhere 

the law of its variation 'is known, the problem becomes perfectly, 
^terminate. 
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Art. 110.- Co.Mi'oi’NDiNa of Jr.TS. 


If two steady streams are^ allowed to impinge on each other under 
atmospheric pressure, they com- 
bine to form a single stream. 

Let streams (1) and (2) com- 6, 
bine to form stream (3) (Fig. 

173). Then if a,r, and Q represent 
the sectional an'as, velocities of 
flow, and quantity carried by each 
stream, we have, if 0 he the angle 
inadehy an im])inging stream with the direction of the resultant stream : — 
,For continuity of flow, /‘i, oi + 'r 2 , Uq (1) 

Tlio equations of moinentum give 

Qi ri sin 0i — ra sin ^2 = 0 (2) 

(Jl Ti cos Oj -j- (^^2 f'2 cos O 2 = I'd (3) 



while the e(iuo.tinn of energy gives : — 

2f/ 






loss at impact. 


TV = 


W 
!l 
IV 
- // 


IF (91 

r 2 ( 


+ Jr 


Qi + ft - (ft + ft) } 


( ft (ri^- r„^) + ft 


( 4 ) 


By substitution from equations (2) and (3) above, this loss may be 
dotormined in terms of iq, ra, 

Oi and O 2 . 

In two pjirticular cases TV 
may ho z('.ro. In t'.ach of 
these it is m^cossary thiit 

simultnncous- 


7-2" 


n? - 0 



ly, and therefore that + iq 
== ± '?;2 = ± 

The first case is found 
where tq = V 2 = iq, i.r., where 
two parallel streams moving 
with the same velocity com- 
bine to form a single stream, with an area equal to the combined area 0 ; 
the two. I’he second case is found where vi = — - i;a> each of these bein| 


Fia. 174. 
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numerically equal to V 3 , and corresponds to the direct impact of two 
streams of equal velocity. A film of water is then formed, the velocity 
of whose mass centre (173 in the equation of momentum) is zero, but 
which has a velocity of outward flow equal to vi or Professor Osborne 
Reynolds illustrated this by allowing two streams of equal velocity to 
meet by direct impact, and noting the clear and glassy appearance of the 
resultant film. If a cylindrical prism having plane and parallel ends be 
placed in tlie path of the stream (Fig. 174), tlie films from A and B to 
the point of contact C, are still perfectly clear. After C, however, the 
frosted appearance of the film indicates eddy formation and the institution 
of sinuous motion. 

Art. 110 a .— CoMPouNDTNa op Confined Streams.— Loss at Impact. 

When the impinging streams are confined, the pressure is no longer 
tlie same before and after impact and the available data is insufficient to 
allow the equations of momentum to be applied. Experiments by the 
author ^ on the loss following the impact of such streams, only one of 
which is deviated by the impact, show that this is given by 

loss = a ^ + b ft. lbs. per lb. of the impinging jet 4 ,,*^ ( 2 ) 

By the impinging jet is meant that which suffers deviation. The 
• velocity of this jet is while the velocity of the primary or undeviated 
stream is ri. The valued of the constants a and h depend on the angle 
of impact and on the ratio, m of areas of the primary and imping} ng 
streams. The values of 6 in^he experiments were varied from 5 ° to 90°, 
while m was varied from 1 to 5. The area of the impinging stream was 

X 1" throughout, and the area" of the primary stream was the same 
4)efore and after impact. The velocities ranged up to 23 ft. per sec. 
Under these conditions the following are the values of a and of A 


Values (jf ?«, i.e. ratio of urea of primary and impinging streams. 


6 

1 ! 

2 

-3 

4 

1 

a 

& 

a 

b 

a 

b 

a 

b 

a 

h 

90 ° 

8-0 

1-58 

1-85 

•97 

1-57 

•915 

1-42 

•921 

1-83 

•925 

eo” 

2-0 

•71 

•49 

•59 

•38 

•70 

•33 

•75 

• 31 . 

' -79 

45 ° 

1*5 

•44 

■82 

•45 

•22 

•00 

•19 

•08 

•u 

•73' 

80 ° 

1*0 

•22 

•20 

•35 

•12 j 

•53 

•10 

•62 

•083 

•68 

1 - 6 ° 

•50 

•000 

■090 

•28 

•050 

•48 

•040 

•58 

•034 , 

•652 

6° 

•17 i 

•008 

•080 

•254 

•013 

•447 

•on 

•566 

•009 

■•642. 

0° 

•00 1 

•00 

•00 

•250 

•00 

j -444 1 

•00 

•668 

•OO; 

•640 


1 “ Proc. Roy. Soc. Edinbiurgli," 1912-13. 
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Ifc will be noted that when 0 is large, and particularly where wt is 
small, the vi^ term is all important, while for small values of 6 and larg^ 
Values of 7n the term becomes the more important. With large valties 
of VI the value of h approximates, as would be anticipated, to unity for 
all values of 6. Whore 6, and the volumes of streams (1) and (2) are 
known the above values of a and b enable the value of m for minimuxji 

loss to be calculated. Thus if = w Q 2 , vi = — i^, and the loss is 

ni 

given by 

loss = I a I ^ (2)*: 

c.g. It6z= 30 and ft = 2 ft, i.c. n = 2 


When in = 1*5, a = -34, h = *24, . . . loss = *843 [- 

• ^ <7 

„ m = 2*0, a = *20, b = *35, . . . loss = *550 

2 g 

„ in = 2*5, a — *15, b = *44, . . . loss = *536 ! — 

2 r/ 


„ m = 3*0, a = *12, b = *52, . . . loss = *573 

2 (j 

On plotting these values of m against the loss it appears that this is 

,.2 

minimum when m=2*5 and then amounts to *536 ^ ft. lbs. per lb. of jet 2, 


For values of 0 between 0° and 45° and of ni between 1 and 6, the 
value of m for minimum loss is given by * 

"=i'+®+ 

The following table indicates how this best value of vi varies with 0 
and with the ratio of ft to ft, 






Value of H 





1 

* 

2 

4 

6 

8 

10 

12 

6° 

F 31 

1-50 

1-85 

2-25 

2*65 

3*05 

3*45 

10° 

1*5 

1*8 

2*35 

2*9 

3*4 

4*0 

4*6 

15° 

1*65 

1-95 

2*65 

3*45 

4*05 

4*75 

5*35 

20° 

1*8 

2*2 

8*0 

3*8 

4*5 

5*2 

6*1 

80° 

2*1 

2*65 

3*5 

4*5 

5*4 

6*4 

7*3 

45° 

2*66 

3*15 

4*25 

5*5, 

6*7 

7-8 

8*9 
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while the loss of energy expressed as a fraction of 
the best value of in is as follows. 


experienced with 


0 



Value of Qi - 

- f/i. 




1 

2 

4 

c 

8 

10 

12 


•13 

•18 

•27 

•35 

•42 

•17 

•51 

10 " 

•22 

•20 

•43 

•53 

•00 

•07 

•71 

15 " 

•28 

•30 

•53 

•04 

•71 

•78 

•83 

20 " 

•33 

•43 

•00 

•71 

• 7 !) 

•85 

•91 

30 ' 

•41 

•53 

•72 

•82 ! 

• 1)1 

•97 

1-02 

45 " 

•53 

•08 

•88 

• 1)7 1 

1-04 

1-10 

ri 4 


Aar. 111. — Resistance of Submeuged Plane Surfaces. 

If an entirely submerged plane surface be moved normally or obliquely 
with uniform velocity through still water, the resistance to motion 
depends slightly on frictional resistances, but to a much larger extent qn 
the change of momentum produced in the surrounding water during the 
passages of the plane, and on the eddy production in the rear of the plane. 

Normal Motion of a Plane through Still Water. 

Hero, in front of the plane, stream line motion is set up, and if a bo 
the area of the plate, and r^s velocity, a column of water of sectional 
area a and bf length v feet, is transferred from front to rear of the plane 
per second. The effect of this ip producing resistance, may be seen by 
' considering the How of a steady stream past such a submerged plane. 

before, up to the plane the motion is steady, and the stream line 
formation is as indicated in Fig. 1751^ The plane, therefore, affects the 
'morpentum in a direction normal to its plane, of a mass of water of 
volume a v cubic feet, per second. Since, the velocity of the mass in this 
'direction is initially r feet per second, if it were possible to destroy the 
whole of its momentum the total pressure on the front of the plane would 


From a consideration of the stream line formation, it j^, 


be lbs. 

9 

however, clear that it is only those stream lines at and hear the centre o^f 
the plane which are actually diverted at right angles to their normal 
direction, the outer layers being diverted through a smaller . angle 
, depending on their distance from the centre, so that the change of 

! Vrom a paper by Professor Hele Shaw, “Tians. Inst. Naval Architects,” 1898, voL 86., 
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momentum in the direction of motion, and hence the pressure on the 

front of the plane, is les^ th in At only one point, i.r.y the centre 

of the plane, is the niomeiituni actually destroyed, and here the pressure 
W 

intensity amounts to , the head corresponding to the velocity of 
^ 0 

flow. Immediately after passing the plane the motion becomes sinuous, 
eddies are foniKKl,^ and since 



the energy of eddy produc- ' 
tion has to be supplied in the 
form of extra work done on 
the plate, this directly in- 
creases tlie resistance to mo- 
tion. In other words, while 
the ])ressure on the front of 
the plane is unaffected, that 
on the rear fac(i is reduced 
hy this eddy production, and 
since th(^ resistance to motion 
is equal to the difference of 
pressure on the two faces, 
this is .increa,sed. Plates of 
different shapes have different effects as regards eddy production, the cir* 
cular shape giving least resistance for a given area, while generally the 
resistance increases slightly with the ratio of the lengtli of periphery 
to the area of the plane. Also it would appear that as the size of plate 
increases, the jiroportioiial effect of the eddy production increases slightly. 
Experiments show that for the nornial motion of a submerged plane 
through still watei’, where the boundaries are so remote as not to affect 

the resistance, this k given hy k where k is a coefficient 

depending on the size end shape of the plate, and diminishing slightly as 
the si)eed increases. 

With a circular plate, k varies from about *5f)0 in a plate of 1 inch 
diameter to ’G50 with a diameter of 8 inches and *720 with a diameter of 
6 inches, afterwards increasing slightly with the diameter. Duhuat and 
Duchemin obtained a mean value of *717 for a plate 1 foot square moving 
through still water, k being *50 for the front of the plate and *217 for the 


. > See Art. 15, p. 47. 
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back. Experiment also tends to show that the resistance is somewhat 
greater when the plate is stationary in a moving current than when 
it is moved through still water. This is probably due to the fact that the 
water when in motion is in a much more unstable condition than 

when at rest, so that the sphere of 
inlliience of eddies projected from 
the boundaries of the plane is greater, 
and the consequent dissipation of 
energy is greater in the former than 
in the latter case. 

With a plate 1 inch square held in 
a moving current, Stanton^ obtained a 
value of k = •620. 

Submerged Plane in Pipe of Small 
Cross-Sectional Area. 

The effect of placing the plane in a 
pipe of restricted area, is to increase 
the velocity with which the water 
escapes over the edge of the plana 
This causes an increased eddy pro- 
duction, ■ a consequent reduction of 
pressure on the rear of the plane, and 
hence an increased resistance. 

Oblique Motion of Submerged Planes. 
AVhere an oblique plane makes 
an angle 0, with its own direction^ of motion (Fig. 176), the velocity of 
water normal to the plane = v sin 6, 

The column of water whose momentum is affected, is now of sectional 
t jparea a sin so that the change of momentum produced by the passage of 
the piane is proportional to 

Wd am\ 6 V m\ 6 . , W a 

, , %.e,y to sm 

, / . • . 9 9 

It might then be expected that the resistance to the oblique motion of a 
jplane would equal 

Direct resistance X sin ^9, 

; Due, however, to the unequal eddy formation at the rear of the plate 
{^th the two kinds of motion, and to the fact that as 6 is diminished, 



I “ Trans. Inst. N.A.,” 1909. 
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frictional resistances form an increasingly large portion of the whole, this 
law does not hold. Lord Eiyleigh,^ indeed, showed that a rational 
expression for the nonng.1 pressure on the front face of the plane when 
moving through an infinite mass of fluid is given by 

i. = ”1'! - ,'Mb3. 

g 4 + 77 sm 6 

this neglecting the effect of eddy formation. 

From this we have, if P' = normal pressure on oblique plane, and if 

P = corresponding pressure on a normal plane, 

P' - p ( 1 + - p si n e 

4 + TT sin *56 + ‘44 sin 6‘ 

As the result of experiment M. Joessels, of the French Navy, deduced 
an empirical formula of this type, making 

sin 0 


P^ = P 


*89 + *fll 


while Duchemin deduced the relationship 

P> - p ^ 

• 1 + sin 2^- 

Tho following table shows results experimentally obtained by Colonel 
Beaufoy and by Stanton, and also some results of experiments by Vince 
quoted by Eayleigh, together with corresponding values as calculated by 
the sin^^ formula, and by those of Rayleigh, of Joessels, and of 
Duchemin, 


Angle made by plane with 
direction of motion . 

90'* 

80° 

70° 

G0° 

50° 

40° 

!?o° 

20° 

10® 


f Vince . 

1-00 

— 

•974 

-- 

•875 

— 

•(;()3 

•458 

•27« 

P' 

Ratio -p expen- 

Reaufoy 

l-oo 

•9ir> 

•iSlT) 

•S28 

•722 

•579 

- 

•321 

•27S 

mentally obtained 

Stantim 
(scjuare 
^ plane) 

l-i)U 

, voo 

1-00 

•97 

•93 

•915 

•89 

•59 

•27 

Sin 20 

1*00 

•97 

•88 

•75 

■587 

•413 

•250 

•117 

•03( 

Sin 0 1 ■ 1 N 

l-oo 

•990 

•900 

•919 

•854 

•751 

•641 

♦481 ' 

•271 


1-00 

•994 

•97.“) 

1 

•914 

■894 

•821 

! 

•715 

•571 

•m 

2 (Uuchemin) 

J + sm “9 

I'OO 

1-00 

l-oo 

•99 

•9C5 

•91 

•80 

•61 

•84 


I “ Scientmc Papers,” 1., p. 287, and 111., p. 491 ; or see Lamb*8 “Hydrodynamics.” 98; 
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The resistance in tlic direction of motion is given by P' sin 0. 

Probably the experimonts by Stanton are the more reliable, and for 
values of 6 greater than the agreement of these results with those 
calculated by the formula of Duchemin, is very close. 

As in the case of the normal plane, tliore is only one point this in 
the median plane of the })late, at which the velocity is zero and at winch tlie 


is therefore attained. This is in advance of 


ir 

maximum pressure 

the centre of the plane, and its distance from the centre in terms of the 
length I of the plane, as obtained theoretically, is given in the following 
table.^ The distance x of tlu^ centre of pressure from the centre of the 

plane, is theoretically given by the formula x = ^ ^ ^ ^ 


values of x are also tabulated below. 


0 

90" 

70' 

50" 

30^ 

20° 

w 

^ 

Distance of point wherjB 
stream divides, from 

•000 

•0;17 / 

•075 1 

•117/ 

•18!) 1 

•lOB f 

centre of plane 

. O « 

o 

o 

o 

•232 1 

•402 / 

••IKl / 

•490 1 

•500 1 


It is found, moreover, that with" a rectangular oblique plane the total 
-^essure for a given value of 6 depends largely on whether the long or 
short edges of the plane are perpendicular to the stream, the resistance 
/being greatest when the long edges are so placed. The reason for this is 
explained by Lord Rayleigh as follows. Although there is only one point 
of maximum pressure whatever the mamiGr of presentation of the plane, 
yet with the long edges perpendicular to the stream the motion is approxi- 
mately in two dimensions, and a region of almost maximum pressure 
extends over the greater part of the length. The case is very differonj], 
however, when the short dimension is pei'pendicular to the stream, for 
then, along the greater part of the length the flow is rapid and the 
treasure in consequence low. 

This is of importance in the design of oar blades, the floats of ^paddle- 


1 From Lamb’s ‘‘ IIvdrodynamwB,” p. 94. 



RUDDER ACTION 


m 


wheels, and the gliders of aeroplanes, since, area for area, a short (in ’the 
direction of motion) wide surface is considerably more elheient than a long 

• IV a 

narrow one, the total pressure approximating more nearly to -5 - 

^ 0 


as the 


surface is made shorter and wider.^ 

As applied to the design of rudders it explains why a deep narrow rudder 
gives better results than one wdiich, having the same area, is shallower!^ 
and wider. 

The following table shows the ratios of P' to P experimentally obtained, 
by Stanton on rectangular planes. 


Angle of inclination 


sr 

7(P 

00° 

nO" 

40° 

20° 

20° 

10° 

Uectanelo loinjlh — 2 hreaiUli 

1-00 

11)1 

1'02 

I-(H) 

Ml 

M2 

■80 

■45 

•165 

Reetangle length — J hvealih 

MKI 

1 

1 01 

1-00 

1 

•ui 

■77 ' 

•71 

■71 

■50 


The maximum ratio, 1*15, for the former plane was attained when 
0 was 4 while with the latter plane the pressure curve had a 
characteristic hump (ratio = *74) when 0 was 25° 


Art. 112.— litiDDKu Action. 

The normal pressure which is produced on an obliqut'. plane by its 
m(;tion through water is taken advantage of in the ordinary rudder, 
h>ince the How of wjiter to the rudder is guided by the form of the stern of 
the vesstil, the distribution of pnjssure is entirely dilTerent to that occur^ 
ring in the cases previously considered. In any case, however, the effect 
of the motion is to produce a distribution of normal pressure over the 
rudder which has a single resultant tending to turn it about its point of 
attachment to the stern post. * This action being resisted by the rudder 
chains, the nett effect is that of a single force acting on the vessel at B 
in the direction .1 B (Fig. 177 a). 

This is equivalent to an equal and parallel force applied at the centre of 
gravity G of the vessel, altogether with a couple of moment P X A G 
tending to rotate the vessel about (7. It is this moment which tends td 
turn the vessel. The single force simply tends to produce a bodily drift ol 

1 For curves showing the effect of varying the manner of presentation of glider surfaces foi 
aeroplanes, see Lord Rayleigh’s paper, ante loq. 
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th$ vessel in a direction {)arallel to A B. This explains why a constant 
rudder angle will not enable a vessel to describe a circle. 

The point in the rudder body, at which it is pivoted, does not affect this 
force or the couple produced, and advantage has been taken of this to 
mount the rudder on pivots near its centre. Being then approximately 
in balance, the moment necessary to rotate it is considerably reduced, and 
a much greater proportion of the steering force is directly transmitted 
through the pivots (Fig. 177 b), instead of through the rudder chains. 

Experiments by Stanton ^ show that the divergence of the stream 



impinging on the rudder, produced by the Jiull of the boat, considerably 
reduces the normal pressure on the rudder. Where the lines of the stern 
of the boat converged at an angle of 10'^, tlie .ratios of the pressures obtained, 
to those obtained with the hull removed were as follows : 


Angle of inclination of rudder 

10° 

20'^ 

30° 

40° 

5?)° 

Ratio of pressures on rudder with 


•57 

•67 

•61 

•61 

V 

and without hull in position 

-!^ ' . 

•43 


1 “ Trans. Insr. Naval Architects, *’ 1909. 
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Art. 118. —Resistance to Motion of Submerged Bodies. 


If the plane already considered forms the end of a solid prism whose 
axis is parallel to the direction of motion and whose length is more than 
about three times the diameter of the plane, the directions of the stream 
lines are modified as shown in Fig. 178. Eddies are still formed at (7, 
after which the motion becomes parallel to the axis of the prism, until at 
h a second formation of eddies takes place. 

I’he total eddy formation at B and C is now less than at B alone with 
a plane surface, and this results in a higher pressure on the roar of the . 
prism than on tlie plane and a consequent smaller resistance to motion. 
Even including skin friction, with a moderate ratio of length to diameter 
the resistance of the prism 

=rv 


is less than that of the 
plane. Putting the resist- 

1 4 . 7 

ance equal to k — 


(/ 


v^, we 


have k = *56 with a prism 
having plane ends and a 
length of about three times 
its diameter. If fitted with 



a tapering cutwater the production of eddies at C is obviated and the value 
of k becomes about *40. Fitted also with a tapering stern eddy formation 
is lai'gely prevented at B, and k is reduced to about *125. The resistance 
is now" largely due to skin friction and should be calculated on that 
assumption (p. 175). 

Experiments by Dubuat, on a square prism, section a X a, length Ij 
gave resistances in the following ratios : 


1 ~ a 

•03 

1 * 

2 

3 j 

6 



• 




k 

•93 

•78 

•67 

•66 

•73 


Art. 114. — Resistance of Ships. 

The resistance to the motion of a ship is due mainly to skin friction, 
but also to the formation of surface waves and of eddies (chiefly at the 
stern). Mr. Froude found that although the velocities of gliding vary 
largely at different points of the hull of a ship, no sensible error is 
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involved if the frictional resistance he calculated on the assumption that 
the wetted surface is e(piivalent to that of a plane of equal area and len{:;th 
in the direction of motion, and moving at the sa^ne speed. The frictional 
resistance of the ship may thus be calculated from Fronde’s' experimental 
results on the resistance of plane surfaces (Art. 61). 

With an inviscid duid, the particles disjdaced laterally by the prow 
would move over surrounding particles without any frictional losses and 
without any tendency to eddy formation, and would immediately return 
to exert a pressure on the stern equivalent to that on the hows. Thus 
the only resistance to uniform motion through such a fluid would be that 
due to wave formation, and, with a deeply immersed body, would be 
zero. A geometrical construction for the stream lines in a perfect fluid 
has been deduced by Professor llankine, while Professor Hole- Shaw has 
verified the accuracy of this construction by expoidnients on a viscous 
fluid flowing past an obstacle, the motion taldng place Ixitween parallel 
glass plates at a very small distance apart.^ In this case the motion is 
governed almost entirely by viscosity, all eddy motion is prevented, and, 
as proved by Professor Sir G. G. Stokes,^ the effect as regards stream-line 
formation is the same as in the case of a perfect fluid. i 

This may be shown as follows : ^ 

At all points in the same horizontal plane in a perfect fluid we have, if u 
1) 

be the velocity of flow, = const. 


./P 

•• jy 


+ 


(In 


0) 


If the stream lines are curvcul, apd if 5 p be the change in pressure, due to 
centrifugal action, across a stream tube of radial width 6 r, and of radius 
curvature r, we have (p. 95) 


(I V __ IP 
d r g r 


and on substituting this value in (1), 
n d n 
r ' d r 


,, + r ~ 0 


( 2 ) 


In the case of a viscous fluid flowing with stream line motion between 
two parallel plates, if s be the direction of flow at any instant, we have 

(p. 67) =z 0; = 0; ^ while if iZ be the mean velocity 

Y ' d u d z (Is d y ^ ^ 


^ British Association Repoit, 1898; also “Transactions lnst.^i5aval Architects,” 1898, 
rol. &6. * ' ^ , 

* Dunkerlcy, “ Transactions Inst. Naval Architects^” 1900, vot. 42, ji, 227. 
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of fli-w this latter equation reduces to 

<h> B /i _ . ,.o\ 

,n *= - • (p- 

The finst two of these equations show that lijies of equal pressure cut the 
Btreavii lines at right angles. If then in Fig. 179, A and C, as also B and D, 
are points of equal pressure on two adjacent stream lines A B and C D, 
over which the mean velocities are n h n and u, the corresi^onding values 
of 3 8 for equal values of 8 p are A B and C 1), so that 
A B _ _u- 
r 7> “ -f B u 

But the centre of curvature of the stream lines is at the point nf inter- 
section of A C and Ji I> produced, so that ^ — 

u 7* + 3 r 
' * u B u r 

and, neglecting small quantities of the second order, this reduces to 

2+4I'=:0 

r r 

which is identical with equation (2) above. 

Wave production is a very complicated phenomenon, and depends in 
magnitude and in form largely on the lorm and speed of the boat. In 
general it may be taken that the motion 
is accompanied by the formation of bow 
and stern waves, and by a fall of the 
water surface amidships (Fig. 180), 

The fact that outward stream-line How 
must commence in front of the hows, 

and that the head necessary to produce , 

this can only be obtained by a r%l ».tive 
elevation of the surface level, accounts j 

for the bow wave, while the reduction • 

in velocity of the accompanying stream I 

at the stern and tlie consequent increase I 

in pres^iure accounts for the stern wave.^ 

Also the increased velocity amidships is 

accompanied by a diminution in pressure, and accounts for the lowering 
of the surface level at this point. With a wholly submerged body the 
displacements produced on the surrounding mass of water are identical in 



1 For an article on the changes of lev^ around a vessel, see the Enffitieer, vol. 63, p. 2')2. . 
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form at all velocities, and are similar for similar bodies. Also, as pointed 
out by Mr. Froude, and subsequently confirmed by experiment, this holds for 
partially submerged bodies in spite of the effect of gravity on the vertical 
displacements, if the similar bodies move with velocities proportional to 
where 7) is the ratio of their linear dimensions. Assuming then, 
as appears to be approximately true, that the height of the waves ia 
proportional to and that their breadth is proportional to their height, 
we have their mass joroportional to v^y and the energy of formation to 
v®. This energy is largely dependent on' the form and relative length of 
entrance and run of a ship, and every vessel would appear to have some 
limiting speed beyond which any increase is accompanied by an altogether 
disproportionate increase in wave-making resistance. Mr. Scott Russell 
states that this limit is somewhat less than that corresponding to the 
length of the wave which the ship tehds to form, which length depends 



on the length of entranco and run, and gives the following formula^' for 
the maximum velocity obt^ablo without abnormal resistaiicc : — 

V =z 1-03 V In + U, 

Where V = velocity in knots; Li and L 2 are lengths of entrance and run 
f in feet. 

He also states that In should not be less than '562 

I 2 „ „ ‘ „ *375 n 

Thus for a speed of 10 knots, In + />2 > 93*7 feet. 

,, ,, 20 „ Li + L2> 375 „ 

„ ,, ,, 30 „ Li4’7>«2>843 ,, 

While agreeing fairly well with observed results, more recent im/estiga- 
tions^ point to the incompleteness of this rule, and, indicate that^jbhe 
length of the middle body of a ship also affects the wave resistance. 

Eddy formation, apart from that due to skin friction, is largely, confined 


* “ Transactions Inst. Naval Architects,” vols. 1 and 2. 
2 “ Transactions Inst. Naval Arcl^itects,” 1881. 
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to the stern, and is due to flow in what is in effect a channel with 
diverging boundaries. A^r. Froude, 
in his experiments, found it necessary 
not only to use a cutwater, but also 
to taper off the stern of his planks in 
order to get a resistance — length 
curve, whicli should pass through the 
origin of co-ordinates, tlie effect being 
as indicated in Fig, 181. 2 

As a factor in reducing resistance ^ 
in fact, a finely tapered stern or run 
is of much greater value in a ship- 
shaped body than is a fine stem. With 
a model as shown in Fig. 182, the 
directions of motion for least and 
greatest resistances are as indicated. 

Experiments by Stanton^ on the 
resistance of models having one end 
hemispherical and the other conical, give the following values of the 
relative resistance R, 


of 



con verge nco 
of conical 

Methotl of application. 

R 

end. 



12° 

Hemispherical end first 

•51 


Conical ,, „ 

•69 

20° 

• ■■■ 

Ilomispherical end first 

•59 


Conical * „ 

•76 

c 

Hemispherical end first 

•99 


Conical „ „ 

1-00 


Taking S to be the projected area of the stern, the reduction in 



1 “ Transactions^lDflt. Naval Architects, ” 1909. 
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Directio'i of Less He slstance 


( 



pressure, due to eddy production is approximately proportional to and 
the resistance thus produced proportional to 8 v\ 

In general, however, skin friction accounts tov the greater part of the 
total resistance, varying from 80-90 per cent, of the total for speeds of 
6 to 8 knots, to 50 or 60 per cent, at very high spiieds— this with clean 

bottoms. Eddy production, in' a 
well -formed ship, accounts for 
8-10 per cent, of the total, and 
wave-making resistance for the 
remainder. 

The total resistance, at speeds 
up to about 10 knots, is approxi- 
mately proportional to r^, while 
Sir William White ^ states that as the speed increases further, the power 
of the velocity to which the resistance is proportional increases to a 
maximum value of about 3, owing to the increasing magnitude of the 
wave-making resistance, and then falls again to a value slightly below 2. 
Thus in the case of an 80-foot boat exampled by Sir William White 

The resistance up to 10 knots was approximately cc * 

„ „ at 13 „ „ „ oLv^ 

„ „ „ 17-18,, „ oci;^-9 

while with the Iris— 300 feet long, 


Direction of Greater Resistance 

Fig. 182. 


the resistance up jj^- lO knots was approximately cx \ 


at 18 




The total resistance of a ship may be deduced from that of a scale 
model, and the skin friction alone from Eroude’s results, so that it 
ioecomes possible to deduce the eddy and wave-making resistances 
experimentally. 

Before proceeding to describe Mr. ^'roude’s methods of doing this, we 
may note that, if the relative scales of a ship and its model are as I> ; 1, 
the relative wetted areas are as I)^ : 1, and if the suffix s refers to the 
ship, and m to the model, the frictional resistances are given by 

~ fm | resistanco X P, 

f •« — Js 1 

and, neglecting for the time the difference between and/,, we have . 


^ = Si (nv- 7)8 
\vj - 


( 1 ). 


“ Manual of Naval Architecture,” by W. H. White, p. 466. London, John Murray. 
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Again, the ratio of the wave-making resistances is given by 

■ (;:•)■ (») 

while the ratio of eddy resistances 

■ y y. (s) 

Putting (!/ ) = IK of these resistances, and therefore the total 
becomea proportional to so that, to quote Mr. Froude, “ If a ship be 



J k;. I S3. 


D times the dimensions of the model, and if at speeds Fi, Fg, Fg, the 
measured resistances of the in()del are i?i, then for speeds 

F] V b, Fa V 7>, Fa V 7), the resistances of the ship will be /)® JRi, 
7>8 the speeds of the model and ship thus related it is 

conveijient to apply the term ‘ corresponding speeds.’ ” 

In determining the resistance of any proposed ship, a scale model is 
made usually of paraffin wax, and is towed through stili water, the 
resistance corresp onding to any speed being noted. Thus in Fig. 183, 
A A represents a resistance curve, the vertical ordinates from the line 0 X 
representing to scale the total resistance of the model. 

The area and length of the wetted surface being known, and the 
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coefficient of friction determined, the frictional resistance can now be 
calculated for any speed, and the curve B B, of frictional resistances drawn. 

If now the horizontal scale be increased in the ratio V I> : 1, and th^ 
vertical scale in the ratio D® : 1, the curve A A serves as the total 
resistance curve for the ship. Thus if the model is the size of the 
ship D = 12, the corresponding speeds of ship and model are in the 
ratio vT. 2 : 1 = 3*401 ; 1, and at this corresponding speed the resistances 
are in the ratio 12‘^ : 1 = 1728 : 1. ^ 

If fresh water is used in the experimental tank the vertical scale is to 
be increased again in the ratio of the densities of salt and fresh water, 
while a further final correction is necessary because of the different 
values of /for the sliip and model. This is got over by calculating the 
actual frictional resistance of the ship for her true length at various 
speeds, and by setting the values thus obtained as ordinates downwards 
from the curve B B^ to form the curve C C. The true resistance of the 
ship at any speed is then given by the corresponding vertical intercept 
between A A and C C, 

The resistance at any given speed F„ is calculated from model obseTva- 
tions at the corresponding speed as follows ‘ 

Total resistance of model (observed) = lbs. 

Frictional,, „ „ (calculated) = /„^ F,/ . lbs. 

Wave-making and eddy Resistance of j _ y ^ 64 
"" ship in salt water i " 62*4 * 

' 64 

\ ,, .*. Total resistance of ship = +/8'5?3 Fg” . lbs. 

A^second method of carrying out tank experiments is due to Colonel 
dSnglish, and has certain advantages. Suppose the I’esistance of a ship in 
commlssidi'i to be known at velocity Fii that of another proposed ship to 
be determina^ at a velocity Fg. Make models of the two ships. Let 
suffix 1 refer to existing ship ; suffix 2 to that to be built, and let 
prefixes s and m prefer to ship and model respectively. 


Wave-making and eddy resistance of ) _ 
model 


^ w/l . 

.^1 ^ Ml’ 


andlet^^Fi 


Le,, make Ji and J 2 ®^^^'sfy the conditions that 

/i V 4 = , rV 4 or -4 = f )! 4-. 

^ M vh '»Fi/ A 

If now the models be towed ►^simultaneously, each attached to one ot" 
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the ends of a horizontal lover with an adjustable fnlcruin, the position 
of this fulcrum may be readily adjusted until the lever floats in its mid 
position, and the relative resistances of the two models are then in the 
ratio of the lengths of the arms of the lever. Let resistance of model (2) 
be n times that of model (1). 

Let E represent wave-making and eddy resistances ; E = skin friction. , 
Thus resistance of model (2) ~ [m^i + 


But 



(a)’ 


. Total resistance of new ship is given ))y 

= ,E'2 + J''2 “ J'i '\- ^ y I gEi 



Of the terms in this ex]>re.ssi()n ,E 2 , vJ'u and can be readily calcu- 
lated, while b(‘ii]g ( qual to — J^'u can also be obtained, since the 
total resistance of sltij) (1) is known, while its frictional resistance 
can be readily calculated, 


Akt. 115. — The Peopulsion of Ships. 

Of the many systenns of mechanical propulsion which have from time 
to time been devised, only three have attained any measure of success. 
Thes(^ respectively use the jmddle wheel, the screw propeller, and the 
hydraulic jet as their propelling agents. • 

T)u‘ principle undeidying all tlujse systems is the same, the propeller 
being devised so as to cr(‘ate a stern wards current of water, and the 
corresponding reaction on tlie propeller providing the propelling force on 
the ship. Tlius, whatever system be adopted, if a mass of water of 
W’cight lbs. per second have its? sternward velocity increased by v feet 
per second by tlie action of tlui propeller, th(^ change of momentum per 

second in tin’s direction = — foot-pound units, and the thrust on the 
0 

v • 

propeller is of the same magnitude, lbs., and in the opposite direction. 

Since the thrust varies as the product of C and v, any one of these 
factors may be changed without affecting the thrust if the other factor 
suffer a correspf aiding change, so that a given thrust may be obtained by 
the comparatively slow movement of a large mass of water, or by the 
quick movement of a smaller mass. Other things being equal, then, an 

H.A. 1> I) 
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increase in the area of the moving stream and a diminution in its 
velocity will tend to efficiency by reducing shock and kinetic losses. 

While this conclusion is verified in practice, in the case of the paddle 
wheel and of the hydraulic jet (see Art. 110) practical considerations 
soon limit the maximum possible area (sooner in the case of the jet than 
of the paddle wheel). In the case of the screw propeller, moreover, 
frictional losses rapidly increase with the area of the screw, while an 
attempt to increase the area by increasing the radius, increases the 
centrifugal action of the water, and by reducing the pressure near the 
centre of the prop dler, tends to reduce the effective thrust. 

Paddle Wheels. — These give excellent results in smooth water, and 
where the draught and therefore the depth of immersion of the paddles is 
not likely to vary largely. They are well adapted for river navigation, 
particularly for shallow draught vessels, hut are quite unfitted for use in 
any ocean-going boat which may be exposed to rough weather, and whose 
draught may differ by some feet on the outward-bound and homeward- 
bound journeys. 

If li = mean foot radius, 

„ iV = number of revolutions per second, i 

then R N = = velocity of paddles relative to the ship in feet per 

second. 

If Vs he the absolute velocity of the ship, (Fp — FJ is termed the slip, 
or more correctly the apparent slip, and 100 ^ ■ is termed the per- 

centage slip. This in general varies from 20 to 30 per cent. The chief 
losses are due to shock at entrance and exit from the water and are 
reduced as far as possible by the use of feathering floats arranged so as 
**40 enter the water without shock. Where, as is usual, the paddle wheels 
are placed amidships, the stream -line' motion over the run of the ship is 
* greaUy affected, at least over those layers between the surface and the 
bottom of the wheel, and since the relative velocity of flow over this, 
portion of the ship is largely increased, the effect is to augment the 
resistance as compared wdth the towing resistance with paddles removed. 

' The Screw Propeller is by far the most important of the three types. 
Its advantages consist in its possibilities of adoption to high speed priitie 
paovers ; its depth of immersion, wffiich makes its efficiency largely inde-. 
pendent of a varying draught, and its reduced liability to accident; ua 
virtue of its sheltered position. 

If P = mean pitch of propeller blades, i.^., th$ distance ^e boat 
^would travel per revolution if the screw were supposed to rotate in a 
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solid nut, and if Vp is the corresponding axial velocity so that N 1\ 
then Vp — I", is usually termed the slij), or more correctly the apparent 
slip of the screw, and, if*this worked in still water, would give the stern- 
ward velocity in tlr^ pi’opeller race relative to the surrounding water. 
The real slip is the change actually produced by the screw on the velocity 
of the water in the pro})eller race, and since the propeller works in an . 
accompanying current of water which has an initial absolute velocity 
in the direction of the ship, this is given by {Vp — \\ -f F,^). 

Evidently the apparent is always less than the true slip, and mtfy, 
if F,i, is sufliciently groat, become negative. In general, however, it is 
positive and, expressed as a percentage of Vp, has a value of about 20 per 
cent. 

The real slip is always positive if the screw is to have any propelling 
effect, as will be evident if it bo remembered that it measures the change 
.in the sternward momentum of the water. 

Owing to the centrifugiil action of the water, the pressure over the front 
face of the propeller is negative, so that jiart of the total change of 
velocity occurs before the water actually reaches the propeller. There is 
thus a tendency to draw water from the stern of the vessel and to reduce 
the forward press ui’e over this portion of its surface, with the result that 
the resistance, as compared with the towing resistance, is considerably 
augmented. 

The velocity with which water can be supplied to the screws is entirely 
dependent on the atmospheric pressure augmented by the head of water 
over the sca-ew. Should this be insufficient to give the necessary velocity 
of inllow the column of water in front of the screw is broken and 
“ca^utation ” is caused, just as in a pump which is being driven at too 
high a speed. This may he prevented either by increasing the depth of 
immersion or by reducing the speed of the propeller. 

The maximum efficiency of the propeller would appear to be about 
75 per cent., the magnitude of the various losses then probably 
approximating to the following values : — 

Friction losses 9 per cent. 

Eddy losses 10 „ 

Losses by kinetic energy rejected in wake , 6 „ 

Assuming an efficiency for the engine and shafting of 80 per cent, this 
gives a combined efficiency of 60 per cent. 

In spite of much experimental work and theoretical investigation, very 
little is actually known as to the best design of screw for any given con- 
ditions. Mr. Froude, after an extended series of experiments, concluded ^ 

n D 2 
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;hat the mean effective angle of the screw blade should be 45°, this 
naking the pitch equal to about twice the extnjuie diameter, and that 
;he true slip should be about 12J per cent. The blade area, projected on 
i plane perpendicular to the axis of the screw should then bo equal to 


square feet, where li = resistance of ship in pounds at the 

' a 

[naximum velocity 

Power Necessary for Propulsion. 

ii li = resistance of ship in lbs., and V, its velocity in feet per second 


we have 

Work done in propelling vessel = R Vg foot-pounds per second. 


Horse-power to overcome resistance 


n i; 

550 


The I.H.P. of the ship’s engines will be considerably more than this, 
because of mechanical friction losses in the engine and propeller shaft ' 
and, to a still greater extent, because of the inefficiency of the propeller 
itself. In general it may be taken that from 45 per cent, to GO per cent, 
of the energy developed in the engine cylinders is utilised in doing useful 

work. ^ 

Since R is approximately proportional to F/, the horse-power will vary 
as F/, except at very high speeds, where the wave-making resistance 
becomes abnormal. 


Art. lljt— J et Propulsion. 

c 

When a jet of water escapes from an orifice in the side of a vessel, tlie 
force necessary to produce this outflow is equal in magnitude to the flux 
of. 4 nomentum per second across the vena contractu of the jet, and acts in 
the direction of flow of the jet. This force necessitates an otherwise 
unbalanced pressure or reaction on the side of the vessel opposite to the 
orifice (p. 110), which reaction tends to move the vessel in the opposite 
direction to that of the jet. * 

Advantage has been taken of this in a system which has been applied 
(though with only moderate success) to the propulsion of large vessels. 
Here a supply of water is drawn into the boat, usually through a veHical 
pipe opening amidships, by a centrifugal pump driven’ by the main 

' 1 For a further investigation into the action of the propeller the reader is referred to a 
paperon the action of propeUers by Professor Ihinkitic, “ Transactions Inst. Naval Architects, ’ 
W.6 ; also papers by Mr. Fioudc hi vols. 6, 8 , and 19 of the same Transaction8,^nd lo 
White’s “ Naval Architecture,*” p. 543. Also to papers in the “ Proc. Inst. C.E.,” vol. 103, p. 74j 
. toL 122, p. 61 ; vol. 165, p. 293 ; and in the “ Transactions Inst. Naval Architects,” 1897, p. 241. 
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engines, and is then discharged directly astern. The escaping 
stream, in virtue of its reaction on the vessel, does work in propulsion, 
while the theoretical efficiency of the system may be calculated as 
follows 

Let A = sectional area of discharge orifices in square feet. 
u = velocity of vessel in feet per second. 
r = velocity of efflux of stream relative to boat. 

Then r — u = ahsoliite V(‘l()city of efflux of stream, i.e., its velocity 
relative to the surrounding water. 

The initial velocity of the j 
water before being drawn — 0 
into the vessel ) 


Its final viilocity in thedirec- \ _ 
tion of motion of the viissel J 
The w(ught of water dis- ) _ 
charged per second f 
Th(! change of momen- 
tum of the water in the 
opposite dii’ection to that of 
motion of the vessel 


V ft. per sec. 


> = - --- (v — ?/) pt^r sec. 


.*. rropelling force on boat 

Work done in propulsion ) 
per second ) 

Kinetic energy rejected ]>er \ 
second in the discharge ) 
Total energy given to j 
water per second neglecting 
eddy and frictional losses ) 


jet 


\v 

~ <1 

- 

?0 lbs. 

(1) 

WA V n . 

- n 

— v) ft. lbs. 

(2) 

_ ]V A r 
~ tl 

(r - 

nf ft. lbs. 

(3) 

__ If' A r 
H 

!>'■ 

-- f(f -f 2 (v — u) 

j- ft. lbs. 

• W A r 

~ -J .'/ 


- i(^) ft. lbs. 

(4) 

• useful 

worli 

done by jet _ 2 7t 

(v — n) 


energy given to jet 
2 u 


V 4 " 


(5) 


This has its maximum value, unity, when v = w. 

An examination of equation (1) will, however, show that under these 
circumstances the propelling force is zero, and that with a large propelling 
force it is impossible to work under conditions which conduce to high 
efficiency. 
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Water may be taken into the pumps either through one or more vertical 
or horizontal pipes at right angles to the axis of the vessel, through pipes 
facing forwards in the direction of the axis, or through vortical or hori- 
zontal pipes fitted with a scoop facing in the direction of motion of the 
vessel. In the latter case the effect is the same as with the inlet pipes facing 
forwards except that the scoop introduces a slight additional resistance to 
motion. If h be the depth of the inlet, the head producing flow along 

76 - 

the inlet pipe is given by + — leet in the two latter cases, dnd by h feet 

if the inlet opens flush with the sides or bottom of the boat, and since in 
every case the delivery pressure is that corresponding to the depth of 
immersion of the outlet, less energy is required of the pump per lb. 
of water to discharge at a given velocity with the inlet facing forwards 
than with a plain side or bottom inlet. In any case the total change 
of momentum per second is the same provided the discharge velocities 
are the same. 

Variation of Efficiency with Size of Orifices. 

Assuming the energy of propulsion to be given by k 
second (p. 401), where k is constant for a given vessel, 

A W , , 

16 V (V — u) 


ft. lbs. per 


ku^ = 

0 

k tr 4- a . v 

0 


= 0 


or 


A r - / . iff k ] 


Substituting this value of u in equation (5), we have 

i ff k 


Efficiency = 




u + 


1 / 1 J_ ^ ^ ff 

1 — y a 4 — j, 


AW AW 

Multiplying numerator and denominator by 1 + V 1 + -i~ this 

A W 

finally gi^ep 

Efficiency = ^ 


8+ 


A W 

JO that the',^ efficiency of propulsion increases as the ratio increases, 

in the casV^ of any given -boat, as the area of the orifices incrigases. 
as the quantity discharged per minute, and also the size of pumn 
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necessary to give this discharge increase with A, the limit of efficiency in 
this direction is ‘soon reached. 

Example. 

If k = 2’4 and if = 2 square feet, we have efficiency of jet 
4 4 


3+ \/l + 


- — = — z; = 82*5 per cent. 
4*8 4*85 ^ 


Suppose the boat to travel at 15 miles per hour, ii = 22 fer't per second. 

Til oil efficiency = — = *825 

.*. 1-175 u = -825 V 

ri75 X 22 
“ -825 

Q z= 31 '83 X 2 = 62*()0 cubic feet per second. 
Assuming the combined efficiency of engine, pump, and jet to be 
‘80 X ‘00 X *825 = *390, we have : — 


' = 31*33 feet per second. ' 


LII.P. of engine 


/,„» 1 

550 -OOG 

: = 117 I.n.P. 

550 X -OOG 


The most noteworthy experiments on hydraulic propulsion have been 
carried out by the British Government. In 1806 the Admiralty built 
two almost similar gunboats, the Water u'itch and the Viper ^ the former 
being fitted with jet propulsion and the latter with a screw propeller. 
Their displacements were, Wateruitch 1,101 tons, Viper 1,180 tons. The 
Waterwitch took water in through a vertical opening amidships, passed it 
through a 14-foot centrifugal pump, and discharged astern through two 
24-inch nozzles. When discharging 5'2 tons of water per second with a 
relative velocity of 29 feet per second, the engines indicated 760 
and gave a speed of 9*3 knots (15*71 feet per second) with a jet efficiency 
of 70 per cent. The Viper, with 690 I.H.P., gave 9*58 knots. This 
comparison is, however, rather Tinfair to the Viper, as its speed suffered 
from the provision of a double bilge keel, and from its slightly fuller run. 

Iq 1878, the Swedish Government built two torpedo boats, 58 feet long 
— 10' 9" beam— and with 20 and 21 tons displacement, the heavier 
machinery of the hydraulic boat necessitating the larger dis[)lacement. 
The latter boat took in water vertically, and with 78 I.H.P. gave a speed 
of 8*12 knots. The screw boat with 90 I.H.P. gave 10 knots. 

In 1882, the Admiralty had one of a batch of torpedo boats fitted wi|h 
hydraulic propulsion. 
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The details of the boats were as follow’s : — 



Length. 

Ream. 

Draught. 

Displacement 

l.ii.r. 

speed. 

Screw 

63-0 ft. 

7' G" 

3' 8J'' 

12*89 tons 

170 

17*8 knots 

Hydraulic . 

66-4 ft. I 

7' fi" 

1 2' 6" 

14*4 tons 

107 

12*() knots 


The hydraulic boat was fitted wdih a centrifufral puinp 2' 6" diameter, 
running at 428 revolutions per minute, and discharged astern through 
two 9-inch outlets. The ])unip delivered approximately one ton of water 
per second at a velocity of 87*25 feet per second (as against 21*28 feet per 
second of the boat), and was fitted with a vertical inlet pipe, provided with 
i scoop facing forward. 

In each case the efficiency of the pump was approximately 48 per cent. 
The last-mentioned tor])edo boats gave the highest jet 'ffiiciency, viz., 
72*8 per cent. Tlie combined efficiency of jet and pun)p was then 
per cent, as compared with an average efficiency (»f about 
35 per cent, in the case of a screw propeller. Taking an elli(;iency 
)f 80 per cent, for the engine and shafting in each case, though tills 
vould be slightly greater in the case of the pump, wo have the combined 
efficiency of propelling mechanism 

Hydrnulii.’. Screw. 

It-S % 52-0 % 

The low efficiency of the centrifugal pump has, in the past, prevented 
;Ke adoption of the system of jet propulsion on any large scale. As a 
propeller, the jet itself is more efficient than the screw, and there would 
ippe^ir to be no valid reason why, with tfne more efficient modern types 
)f pump, the combination should not be made as efficient as the screw 
propeller. 

It should be noted that the system works equally well with the 
lischarge either above or below .water level, except that in the foynier 
jase energy is wasted in lifting the water to the level of. the discharge. 
)rifice. The advantages of the system are 

(1) No racing of propellers in rough weatlier; 

(2) No under water obstacles to become entangled in wreckage 

(8) ^Ease of control from some central station on the bridge ; 

(4) Great facilities for manoeuvring. 
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Art. 117.— Hydraulic Mining. 

The fact that a liigli*velocity jet of water carries an immense amount 
of destructive energy, was first takfm advantage of to any large extent on 
the Pacific Coast of North America. Here, owing to the configuration 
of the country, the only available Nvater supply is to be found in com- 
paratively small streams, at considerable elevations. The construction 
of a small dam and a flume or ditch to bring the supply to the nearest 
suitable point on the mountain side, and the further construction of a 
pipe lino leading the supply under pressure dowTi the mountain side, 
renders avsilable a comparatively small (piantity of water under great 
pressure. In the process known as TT\draulicing, chielly applied to gold 
mining, this supply is led into a pressure box securely bolted to the 
ground at a distance of from 100 to 200 feet from the face of the cliff 
to be mined. Fiom the pressure box one or two jets, of diameters 
ranging from 1 inches to 11 inches are led by means of nozzles mounted 
on ball-and-socket joints, and are played on to the face of the cliff, the 
(l(d))'is b(ung carried away by sluices on which the process of washing 
and amalgamating is completed. 


ExAMCFiES. 

(1) A horizontal jet issuing from an orilice 1 inch in diameter dis- 
charges 2 gallons ])er second and impinges normally on a large fixed 
plane. Determine the force exerted on the plane and also, neglecting 
losses, the nuixinmm i)ressuro intensity likely to be attained. 

, (30-5 lbs. 

l23‘25 lbs. per square inch. 

(2) If the above plate has edges curved so as to deflect the stream 
through a total angle of 150°, determine the pressure on the plate. 

y\nsw(ir. 08 lbs. 

• 

(B) A jet from a rectangular orifice 6" wide X 1" deep impinges on a 
curved vane 0" wide, with a velocity of flO feet \vdv second. On incidence 
4;he j^ makes an angle of B0° with the plane of the vane, and the portions 
into which it is divided are . deflected through total angles of 120° (the 
smaller portion) and 90° (the larger portion). Dctcrn)ine the pressure 
on the plane in the direction of the jet. 

Answer. BOO lbs. 

(4) Assuming a series of values similar to that in qaestion (3) to movo 
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in the (direction of the jet with a velocity of 80 feet per second, dctermiuo 
the efficiency of the arrangement. ^ 

(5) Two free jets of sectional area 2 square inches and 1 square inch, 
and of velocities 20 f.s. and 80 f.s., are inclined to each other at an angle 
of 60®, and combine to form a single stream. Determine the direction 
and velocity of this stream and the loss of energy at impact. 

[ Resultant stream makes an angle of 31® 58' with 
j direction of first stream. 

Answer. . ^ 21*06 feet per second. 

( Loss of head = 80*8 feet lbs. per second. 


(6) A jet propelled vessel has a wetted surface area of 800 square feet, 
and a coefficient of resistance of *004. If the area of the nozzle openings 
is 8*0 square feet, determine the maximum theoretical efficiency of the 
jet considered as a propeller. Also, assuming the pump efficiency to be 
50 per cent, and the mechanical efficiency of the engines to be 85 per cent., 
determine the efficiency of propulsion. 

(Efficiency = *886. 

(Total efficiency = *855. 


Answer. 


(7) If the boat of the preceding example is travelling at 12 miles per 
hour, determine the necessary jot velocity and the discharge per second, 
for maximum efficiency. 


Answer. 


ity = 24*56 feet 


ner Rwonrl. 


(8) Water flows at 20 feet per second through a 6" pipe forming a 
r;i^ht-angled bend. Find the magnitude of the resultant force tending 
to move the pipe. 

Answer. 215 lbs, 

• 

(9) A jet delivering 8 cubic feet of water per second at 100 feet per 
second impinges tangentially on one of a series of vanes moving at 50 feet 
per second in a direction inclined at 20^ to that of the jet. If the vanes 
deflect the jet backwards so that its final direction of motion is the same 
as that of the vane, and if the final relative velocity of jet and vane is 
*8 times the initial relative velocity, determine the pressure on the vane 
injts direction of motion. 

Answer. 515 lbs. 

(10) In the Greyhoxmd, length 160 feet ; breadth 33| feet ; draught 18| 
ifeet ; displacement, 1,160 tons ; the wetted area is 7,540 square feet. The 
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ollowing corresponding values of resistance and speed were experimentally 
ibtained ; — 


Speed (knots) . 

4 

6 

1 ^ 

1 10 

1 

Ilesistance (tons) . 

•6 

1-4 ' 

2-5 

4*7 

‘.JO 


Taking / = (the unit of velocity being 1 knot), and assuming 

ddy making resista-nco to form 8 per cent, of the whole, determine the 
lagnitudo of tlie frictional, eddy, and wave-making resistances, and 
xpress these as a percentage of the whole. 


Answer. 



•1 knots. 

8 knots. 

12 knots. 


Lbs. 

% 

Lbs. 

% 

Lbs. 

% 

^h’ictional resistances . 

81)1 

Ui'rn 

3161) 

56'() i 

(5655 

33*0 

iddy resistances . 

107 

8-0 

448 

8-0 

1G13 

8*0 

Vave-making resistances 

346 

25*7 

11)83 

35*4 

118!)2 

59*0 


(11^ Tn the previous example, determine the energy actually absorbed 
n pro])ulHion, and assuming that 45 per cent, of the I.H.P. of the 
ngine is utilised, determine the LILP. at speeds of 4, 8, and 12 
nots. 


i?nswer. 


• 

■1 knots. 

8 knots. 

12 knots. 

Useful horse power 

16*5 

138 

744 

I.H.P 



36*7 1 

307 

1651 


(12) In the Me?7ta7a, length 360 feet; breadth 37*2 feet; draught 16*25 ; 
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displftCGinent 3,9HO tonR, the wotted areai is 13,060 feet. The following 
are experimental results : — , 


Speed (knots). 

4 

(> 

8 

10 

, ! 

12 

Resistance (tons) . 

1*0 

2*3 

3*1) 

()*0 

1)*0 


Taking /= *001)17, determine the jiercimtage resistance due to frictions 
and to eddy and wave-making resistances, at 1, H, and 12 knots. Also, 
assuming 42 per cent, of energy developed in the engines to be utilised 
in propulsion, determine the I.Ii.P. at these speeds. 


Answer. 



4 knots. 

8 Knol.s. 1 

Ericlional resistance . 

% 

1 

87*8% 1 

1 

Eddy and wave-making . 

3-'l % 

r2'2 % 

of engines 

(if.-G 

.'511 i 


^ (13) In the Grcjihouml the length of entrance and of run are each 
75 feet; in the Mniara they are each 144 feet. Determine the 
“ limiting ” speed in each case. 

\Gmihoun(l 1*03 V ^">0 = 12*()3 knots. 

Answer. j.Qa ^ 288 = 17-5 knots. 

Note how these values boar out the abnormal increase in wave-making 
resistance at the limiting speed as determined in the preceding e^vnnples. 
In the Mcrkara the wave-making resistaiice at 10 knots was found to be 
over 60 per cent, of the total. 

■ (14) Experiments on a. 20-feet modid are carried out to determine the 
probable horse-power required in a ship 000 feet long when doing 2'4 knots. 
Determine the corresponding speed of the model, and, assuming ihe value 
of. f for the ship to be *00010 and Ijiat for the model to bo *001)35, 
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determine the probable horse-power of the engines if the resistance of 
the model at the corresponding speed is i)*r)4 lbs. Assume GO per cent, 
of the I TT.?, to do usefiil work at the propeller, and assume wotted area 
of ship = 18,000 square feet ; n for ship = ; for model 1*85. 


Answer. 


(Corresponding speed = 4*88 knots. 
U.ll.P. = 25,000. 




CHAPTER XII 


Waves— of Tniiisiiiissiori— of Oscillation — liinplcs. 

Art. IIH. — Waves. 

Waves may be divided into three main classes acconling as they are 
(a) Waves of Transmission. 

(h) Waves of Oscillation. 

(c) Ripples. 

In a Wave of Transmission, not only does the wave form advance, hut 
each particle of water oyer which the wave passes is translated forward 
during its passage and is finally left at some distance ahead of its original 





position. Perfect weaves of this type are solitary and the wave itself is 
eij^er wholly raised above or wholly dej)rossod below the general surface 
of the fluid. In the former case it is termed a positive ; in the latter 
''case a negative, wave. Such positive «ivaves are formed by the sudden 
opening of a sluice gate admitting a body of water into a long, level canal, 
or may be formed in a long trough by'the sudden immersion at one end, 
of a splid body of volume equal to that of the required wave. The 
negative wave of transmission is very unstable, and always gives rise to a 
train of waves of oscillation. 

Method of Transmission.— If the water when at rest be' supposed sub- 
divided by a series of equidistant vertical planes, perpendicular to the 
direction of the wave’s transmission, the columns which they enclose 
suffer the distortion shown in Fig. 184a, during the passage of the wave 
As the front of the wave approaches one of these columns the pressure on 
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the plane forming its rear face is increased, and under this pressure the 
plane moves forwards, heaping up the water ahead of it. When the 
column has been raised to its greatest height, at the crest of the wave, it 
presses equally on both front and rear plaiieS, accelerating the velocity of 
the column ahead, retarding that behind, and so increasing its own width 
until it finally comes to rest at its original level. Each successive column 
is in turn displaced forward in the direction of transmission, and the 
resutt is that a volume of water equal to that of the wave is displaced in 
this direction. The motion of each particle is very approximately a semi- 
ellipse, with its major axis horizontal, horizontal displacements being 
uniform, and vertical displacements proj)ortional to the distance above 
the bottom of the channel. 

Velocity of Propagation. — Imagine the wave propagated in a stream 


Direction oF Pf'opagation . 



running in the opposite direction with such uniform velocity li as to keep 
tl)e wave form stationary relative to the banks. 

Then if h be the original depth of water ; k the height of wave ; Vq 
the velocity at the crest of the wave (Eig. IBIn) 


we have 


h -f- k 


Applying Bernoulli’s equation to the surface filaments where the 
pressure is constant 




^0 




= k 




h k 


= 2 (,. 


h + k. 


1 + 


h 

h + k 


^IG 
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Usually h is small (joinparcd with //, in which case 
V z= J (j {h + /. ) (appi'ox.) 

and if k is compavjitivcly very small, this a])|)r()ximatt!,s to 

y = V !i 

Since the distribution of pnissiire or motion is not alter(id by th(i 


Direction of Propagation. 
^3 > 





Fin. 1 S jr -W'avo of Osrillal ion. 

motion of the stream, T' is the same as the velocity of propagation ol 
the wave form in still watiir. 

The maximum velocity of horizontal translation of the particles 
forming the wave is given by U— Uo, Lc., by V 

^ Experiment shows that as k approaches h in value, the wave breaks at the 
crest. 

Art. 118 a.~-Wavks of Oscillation. 

|n waves of oscillation, as exemplilied in the ordinary deep sea wave, 
particles involved in the motion are not transported in the direction 
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of propagation, but oscillate with uniform angular velocity about a mean 
position, in a vertical plane parallel to that direction. In deep water the 
orbit of a particle near the surface is sensibly circular, and the wave form 
is trochoidal. In shallower water the orbit becomes approximately 
elliptical with the major axis horizontal. In either case the particles in 
the surface have the largest orbits, the extent of the motion diminishing 
as the depth below the surface increases. The vertical motion diminishes 
more rapidly than the horizontal motion, so that the deeper a particle 
the flatter is its orbit. In deep water the maximum diameter of the orbit 
diminishes in geometrical progression as the depth below the surface 
increases in arithmetical progression. The following table ^ gives the 
maximum horizontal and vertical displacements of the particles at 
different depths for waves whose lengths are respectively equal to, and ten 
tiuj^es as great as the depth of the water they are traversing, the greatest 
horizontal displacement of the particles at the bottom being represented 
b} unity. 


Depth below 
surface. 

Length of wave =: depth of water. 

Length of wave 

= 10 times depth. 

Horizontal 

displacement. 

Vertical 

displacement. 

Horizontal 

displacement. 

Vei'tical 

displacement. 

At surface . 

‘207*7 

267*7 

1*204 

•670 

•10 depth . 

142*8 

142*8 

1*164 

.•596 

•20 . . 

76*2 

76*2 

1*129 

•524 

■80 „ . . 

40*6 

40*6 

1*098 

■454 

•40 „ . 

21*7 

21*2 

1*072 

•386 

•fio „ . . 

6-2 

6*1 

1*031 

•254 

•80 . . 

1*9 

1*6 

1*008 

•126 

At bottom . 

1*0 

. 0*0 

TOGO 

•000 


The motion of the particles in a wave of oscillation in fairly dei 
water is shown in Fig. 184c. Those particles in the crest of the wa' 
move forward in the direction of propagation ; those in the trou^ 
move !)ackwards; while those at the mean level have simply vertic 
motion. 

Velocity, Length, and Height of Waves of Oscillation in Deep Water.- 
Taking the surface particles to describe circular orbits of radius r wii 


^ Airy, “ Tides and Waves," Table IV. 



418 


HYDRAULICS AND ITS APPLICATIONS 


angular velocity w, the height of the wave in 2 r. Let I be its length, 
measured from crest to crest. Imagine the wavf form brought to rest by 
imposing on it a velocity equal and o2)posite at every point to that of its 
normal motion, i.c., imagine the orldtal circle concoritric with a circle of 
radius R, where 2 tt rolling, as shown in Fig. l<S4n, on a horizontal 
plane with angular velocity w, and with a linear velocity V equal to that of 

propagation. Then V = (a B \ 

2 71 

Under these conditions the velocity of a imrticlc at Q is compounded of 
a velocity oj. OK perpendicular to OK, and w. 0 Q perpondiiuilar to 0 Q, 



/ 


Fig. 184a 


and so ecpials w, K Q perpendicular to K Q, so that K Q is normal to the 
surface at Q. If now be the velocity of a particle in the crest, and v 
the velocity at any other point Q in the free surface, and therefore at the 
same pressure, 




Bdti 


{ 0 K^ - [B - rf }= 7* (1 - cos B). 

Q = ill — r cos 6f + \r sin Of 
= — 2 i? r cos + 7-^ 
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and on Bubstituiiiig this value and simplifying we have- 


— 1 I r (1 — cos 0) =z (i 

■■■ * = N/i 

rr fo i: = 

/\l 

~ V 2 TT 


(1)' 


i.r., in deep water the velocity is indei^endent of tlio height f)f wave and cf 
the depth of water, and depends only on the leiigtli of wave. This is true, 
within small lijiiits, so long as the depth of water is greater than one-half 
the loiigtli of the wave. 


In shallow water the velocity of propagation becomes ecjual to 


./al.'i 

2it a 


where a and h are the horizontal and vertical axes of the elliptical orbit, 
and vary with the depth of water. In waves which are very long 
compared with the depth, the velocity a.pproxiniatos to V (j li, where h is 
the deptli, so that as the water becomes shallower and shallower the 
velocity approxiimitos more nearly to that of the wave of translation. 
The wave of oscillation in shallow water is indeed intermediate between 
the true wave of oscillation and the wave of translation. 

Tljere is no definite relationship between the length and height of 
waves. Both d(}p3nd largely on the velocity of the wind which has raised 
them, and (m the distance travelled under its influence. Where this 
distar.ce is great the velocity is practically identical with the mean 
velocity of the wind.^ For short “fetches,” such as are usual in 
reservoirs, Stevenson gives the formula. 

k = 1-5 VI . + 2-5 - ^ VT ) 

where k is the height of wave in* feet, and D is the “ fetch ” in miles. 
As deep sea waves approach a shallowing beach, the orbital motion of 
their lower particles is checked, they ])artake to an increasing extent of 
the nature of waves of translation, and finally usually break when the 
depth of water is little more than the height of the wave. 


Akt. 118b.— Eipplbb. 

So far it has been assumed that the only forces involved in wave 
formation and propagation are those due to the masses of the particles of 

* Dr. Vaughan Cornish, ‘‘Cantor Lecture,” 1912. 

£ £ 2 
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water. In large waves this is sensibly true, but in small waves, the 
, curvature of whose surface is comparatively great, the modifying effect of 
the forces called into play by surface tension becomes appreciable, and in 
very small waves becomes the predominating factor. The effect of surface 
tension is to increase the sub surface pressure under the crests and 
to reduce that under the. troughs of the waves. If T bo the surface 
tension in lbs. per linear foot of surface, and if p bo the radius of 
curvature at any point, the resultant increase or diminution of pressure 
T 

in feet of water is given by feet. 

Assuming the wave to be of trochoidal form, the horizontal and vortical 
displacements of a particle since leaving the crest are given by — 
x = RO (approx.) : y = r (1 — cos 6), 

1 y V 

••• y = -^iimro^.)=^^ooBe. 

If the pressures at the crest and at any other point Q (Fig. 184 d) are 
not equal, but are respectively Pc and p lbs. per square foot, we have : — 


^9 


+ r(iOBd-'^ —T= 


‘^9 


]\' 


But 


V Pr p) 

T r 

“ W F “ '=<>8 

- r = _ ij r (1 - COB 9) (1) p. 419. 


r..a — 9 


Tg 


~ 11 W& 

_9A>^J!_9X 

Wl ' 


For water at 00'’ F, T = *00o lbs. per foot (approx.), and on 
substituting this value, the quadratic becomes 

I = *0975 ± *00824. 

Fbr this to have real roots F* must be not less than *842, and V not less 
than *765 f.s., or 9*2 inches per second. When V has this value, I = 
*67 inches. 

;;!Fbr higher values of F, Zhas two values, one less and one 'greateij 
*67. The greater value represents the length of the ordinary 
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of oscillation in which surface tension plays a comparatively small part, 
while the smaller value i^prosents the length of the wave in which surface 
tension is the predominating factor. Such.waves are called ripples. No . 
wave or ripple can be produced by a moving object whose velocity is less 
than this critical value of 9*2 inches per second, and a breeze of veloeit^j^,. 
less than this has no power to ruflle the surface of a still pool. 
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CHAPTER XIII 


Hydraulic Prime Movers- Wn I cr-Wheels— The Overshot - Breast— Side— Undershot and 
Poncelet Wheels— Tlie I'elton Wheel -Losses— Form and Number of Buckets — Speed 
liegiilation- Jets from Need le-noz/Jes— Typical Installations— Summary. 

Aiit. 110.— HvimAULTc Piumk Movers, Water-Wheels. 

Although ilif! question of tlie utilization of niiturtil water powers has 
always beon one of great economic importance, the introduction and per- 
fection of (ilectrical manufactindng processes, and the possibility of 
transmitting electrical (uiergy without great loss or expense to a great 
distance from the place of its generation, has of recent years made it 
practicable to take advantage of many water powers far remote froui large 
centres of industry and has raised the whole {piestion to an altoget/ier 
higher plane of importance, while the consequent demand for hydraulic 
prime movers capable of developing large powers in single units, and of 
satisfying the exhaustive demands of such installations in the way of 
speed regulation and efficiency, has led to a great transformation in the 
design of such motors. 

The first hydraulic prime mover consisted of a woodem paddle water- 
wheel dipping into the current of % stream, and as such a motor was only 
required to do the work previously performed by an animate agency, the 
power required was small and the efficiency of only secondary importance. 

The construction was at first of tfie most primitive type, but was 
gradually improved ; iron took the place of wood ; improvements in design 
led to increased efticiency; the demand for greater powers led to the 
necessity for utilizing larger falls and the consequent development of the 
breast and overshot wheels, until a type of wheel was evolved, which 
within its limitations was as efficient avS the most modern of turbinee* 
Its chief disadvantages lay in its slow speed of rotation, the impossibility 
of close speed regulation, and in the large size of wheel required for even 
small powers ; and while for the purposes for which the motor was first 
required these were ^not serious, the introduction of more ynodern 
machinery, more particularly for textile purposes, involved the necessity 
lor a motor which, having a fairly high speed of rotation in order to avoid 
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excessive loss in gearing, should he capable of close speed regulation and 
of taking advantage of l^gher falls and of large quantities of water. For 
Rucli purposes the water-wheel w’as almost^ entirely supcrs(u]ed ))y one or 
other tyjie of turbine. 

The introduction of electric driving w'itli its large and almost instan- 
tan(u)ns changes of load, while giving an additional iillip to the manufacture 
of high-spe(id turbines, had its greatest eflect in modifying and i)erfecting 
the uKithods of speed regulation, and in increasing llio size of the unit, 
wdiile at the same time rendering it imperative to design a motor which 
should ho highly eHicient under a wide range of loads. 

The success wdiich has attended the attempt to satisfy these onerous 
conditions may he inferrcid when it is remembered that many manufacturers 
will now guarantee to construct a turbine which shall give an efficiency of 
over HO jxir cent, over a range of loads of 50 per cent., and which shall 
]*espond to an increased dcmiand for power of 33 per cent, with less than ' 
3 5 per cent, variation in speed. With smaller load variations the speed 
variation is almost infinitesimal, and it becomes easy to run a series 
of all (‘mating current machines in step with such motors. 

The dtisign of hydraulic motors has thus proceeded by well-defined 
stag(!s, the size and efficiency steadily increasing until a.t tlie prcjsent time 
a single unit (leveloi)ing 15,000 II.P. and giving an efficiency of 85 per 
cent, is not at all uncommon, while further development promises to 
proceed in the direction of still larger units. So far, indeed, as mechanical 
difficulties all'ect the question, there appears to be no reason why units 
developing up to at least 25,000 JI.P. should not be constructed directly 
the demand arises. 

Wherever a continuous supply of water at a sufficient elevation, or in 
motion as in a stream, is available, the potential or kinetic energy which 
this possesses may be turned ii:yiO useful work. 

l^efore embarking on any power scheme for utilizing such energy, it is 
however of the highest importance that the true possibilities of the scheme 
should be ascertained, for as the usefulness of the supply deiiends in most 
cases on its uniformity over long periods of time, the maximum available 
pow;er is strictly regulated by the least power which is available after the 
longest probable period of drought. 

This minimum supply can only be satisfactorily ascertained by investi- 
gation of past records extending ovef many years. Where such records 
are not available, every attempt should be made by a close investigation 
of the rainfall records for the particular districts over a long period of 
years, and of the character, (condition, and area of the gathering groiilid, 
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to efitimate the minimum supply likely to he available under the worst 
probable combination of circumstances, and the scheme may then, and 
not until then, be developed., 

' The method of utilizing the supply depends largely on its magnitude, 
form, and locality. Where, though comparatively small, it is continuous, 
the available horse-power may be largely increased by the formation of a 
storage reservoir capable of impounding at least a 24 hours’ inflow. By 
this means energy may be utilized for the eight hours or so comprising a 
working day at a rate greatly in excess of the mean rate of inflow. 

Where the natural configuration of the country necessitates the power 
plant being j)laced at some distance from the storage reservoir, the supply 
is usually led tlirough an open canal or ditch having a slight gradient, 
into a smaller storage reservoir termed the forebay, which is placed as near 
to the power plant as possible. From the forehay the sui)ply is then taken 
to the prime mover by means of a closed pipe termed the penstock. 

In tlie cfise of a water-wheel installation the penstock may consist of an 
open chaiijiel. 

The supply of water to the prime mover is regulated by means of 
sluices or gates, which may either form an integral pari of the machine, 
as in the case of most turbines, or m.ay be fitted in the supply pipe or 
channel. 

After doing work, the water is rejected into a discharge channel termed 
the tail-race. 

The most suitable type ^ prime mover for any particular case 
depends oii — 

(1) The quantity of w^ater available. 

(2) The supply head. 

;v;(8) The regulritay of flow. 

(4) The possibility of floods. 

. (5) The purpose for which power is required. 

Those types in general use consist of^ 

(1) Water-wheels. 

(2) Turbines. 

(3) Piston engines. 

Each has its own sjihcre of usefulness, and in determining the type tO; 
be adopted each installation demands special consideration, guided by the 
circumstances peculiar to the case. 

In general, the water-wheel is only suitable for small powers and for 
comparatively low heads and where close speed regulation is not essential. 
il[S efficiency is greatly affected by a variation in the supply and in thO 
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head or tail-race levels. It is of great size and weight in proportion to 
the power developed, and has a low rotative speed. On the other hand, its 
construction is simple, its repair inexpensive gnd easy, and the construction 
of the supply channel, tail-race, and housing in general inexpensive, while 
for heads of less than 1 foot it forms the only suitable type of motor. 

For all heads above 1 foot, where large power is desired, one or other 
type of turbine becomes suitable, while in certain cases for comparatively 
small powers, and where a high head is available and a slow rate of 
rotation is required, the piston engine is most satisfactory. 

In passing through a prime mover, water may do work either by 
changing potential energy or kinetic energy or pressure energy into 
work ; or by a combination of these processes. 

In the overshot water-wheel, for example (Art. 120), rotation is pro- 
duced almost entirely by the weight of the water ; in impulse wheels 
deriving their motive force from the impact of a high velocity jet of 
water, work is done solely in virtue of the kinetic energy of the jet ; in 
turbines of the reaction type the pressure energy of the water is partly 
changed into kinetic energy in the wheel itself, this being absorbed in 
producing rotation of the wheel ; while in a piston engine the water does 
work in virtm; of its pressure, its velocity being so small as to be negligible. , 

In designing any type of hydraulic prime mover, certain general 
principles should be borne in mind. 

(a) All shock, whether of water on moving or stationary surfaces, or on 
water moving with a low velocity, should bo avoided as being j)rod active 
of loss of energy in eddy formation. 

Tliis may be prevented by arranging that as far as possible any stream 
of water on meeting a solid surface is moving tangentially to the surface, 
and that passages convoying the working fluid are not subject to abrupt 
changes of sectional area or of foim. 

(h) Abrupt changes in the direction of motion are productive of eddy 
formation and should be avoided by designing passages and channels with 
as far as possible an uniform or gradually changing curvature. 

(c) Frictional losses should be reduced to a minimum by reducing the 
^ area of the wetted surfaces to a minimum compatilde with easy curves 

of flow, and by reducing the relative velocity of flow over such surfaces 
to a minimum. 

(d) As far as possible, the motive fluid should be rejected devoid of 
energy, and therefore moving with as low an absolute velocity as will 
sufi&ce to carry it out of the motor. 

The possibility of conforming to these general principles varies with ti^^ 
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type of motor. In general, apart from mechanical friction, water- wheels 
sutler chiefly f mm the causes outlined in secj^ions (a),(h), and (d); tur- 
bines from tliose in sc^ctioivs (a), (c), and (d) ; while losses due to shock 
and eddy production, (a) and (/>), are all-important in piston engines. 

Ihese types of prime mover will now ho considered somewhat in detail. 

Art. 120.— The Overshot Water-Wheel (Fto. 185). 

In this t}po of wheel water is sujjplied near the highest point of the 



circumference to a series of buckets formed by vanes connected at each 
end to circular shrouds, the bottoms of the buckets being formed by the 
inner circumference of the wheel. For convenience of construction the 
vanes are often made of wood and in two parts, the inner i)art being radial 
and the outer inclined to this at an angle depending on the speed'^of the 
wheel and the velocity of the supply stream. 
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A preferable form of bucket is that indicated at P (Fig. 185). Here 
the vanes, usually of meb^l, are made in a single piece, and have a con- 
tinuous curvature throughout. 

Theory of Action. -Lei ll be the total head available. A certain pro- 
portion of tins head must first be utilized in giving the supply water 
sufficient velocity to carry it into thci wheel buckets. If hi is this head, 
the velocity will then be given by 'r= 

A small clearance must be allowed between the highest point of the 
wheel and the bottom of the inlet channel, this clearance 8 i being usually 
about 1 inch. 

A rather larger clearance S.j must in general be allowed between the 
lowest point of the wheid and the level in the tail-race, so as to prevent 
submerg(mce of the wheel buckets in time of flood. 

In gfiiieral 82 is about 0 indies, ])ut depends largely on the special 
circumstances of the plant. 

Filially, a cta-ta.in prop irtioii hi of the head must be devoted to produc- 
ing velocity of flow along the tail-race, so as to give a free discharge from 
the wheel. 

The outer diaiiK'ter of the wheel buckets is tlius limited to JI — (hi -f 

hi) - (3i + 


Let li = outer radius of wheel. 

„ r = inner „ „ 

Then 2 Jl = 11- (hi + hi) - {81 + 82 ), 

The depth of buckets depends on the diameter, breadth and* velocity of 
wheel, and on the quantity of water to be utilized. 

Let Q = quantity of water per second in cubic feet. 

„ 0 ) = angular velocity of wheel in radians per second. 

,, h = breadth of wheel, 

and since the buckets are never (^unidetely filled with water, let x= frac- 
tion of bucket volume occupied by water. Generally x lies betwiion J and f. 
Then we hivv., neglecting the volume occupied by the wheel vanes. 
Bucket volume passing 
inlet per second 

r^) o) h 


TT — rh X \ X b cubic feet. 

A 71 




cubic feet per second. 


(0 0 X 

giving r, and therefore R — r, the depth of the buckets. 

To avoid excessive loss under low heads this should be as small as 
practicable. 
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Efficiency of Wheel.— Soon after the buckets pass the centre linei of the 
wheel they begin to empty, at A (Fig. 185), jvhile they are completely 
emptied by the time they reach the position where the outer part of 
the bucket is horizontal. If then h is the mean vertical distance through 
which the water is carried before being discharged, the work done in virtue 
of its weight = W Q Ji foot lbs. per second. 

It may readily be shown that the efficiency is a maximum when the 
peripheral velocity is one half that of the inflowing stream. A consider- 
able increase in speed has, however, very little effect on the efficiency. 
The most important effect of such an increase is due to the tendency to a 
premature emptying of the buckets by increased centrifugal action. 

To prevent loss by splash and shock at entrance to the buckets, the 

vane angles should be so 
arranged that the^rela 
tive motion of water and. 
vane at entrance is 
parallel to the tip of the ' 
vane. Thus if a h (Fig. 
185) represents the Ve- 
locity V in direction and 
magnitude, and if c h re- 
presents tlie liner r velo- 
city, 0 ) ll of the vane, 
then a c represents the 
velocity of tlie water 
relative to the vane, and for the water to enter ])y sliding along the vane 
this should be parallel to a c at entrance. 

r/ The general practice is to form the bucket tips so as to make an angle of 
25° to 80° with the tangent to the circujnference at the tip. This gives a 
bucket which retains the water for a "vertical distance equal to about *8 of 
the wheel diameter. ^ 

If this angle be /3, the bucket is not completely emptied until the wheel, 
has turned through 180° ~ p. 

Having drawn in the profile of the buckets, if a straight line d § (Fig. 
186) be drawn through the bucket tip so as to enclose an area d e f 
. lx X bucket area), the water will begin to escape from the bucket when 
e d becomes horizontal. When / r becomes horizontal the bucket is 
completely emptied. Thus with radial vanes the water is entirely emptied 
from a bucket by the time it has fallen to the level of the wheel a«le. 

Water may be retained in the buckets until these are near the low^w 
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point of the wheel, by enclosing the discharge side of the wheel below A 
in a closely fitting shrouding, with as small a clearance as possible 
(Fig. 185a), and by this means the efficiency may be increased. This 
method has the further advantage that the relative velocity of discharge 
is now increased by the head of w^ater in the buckets, and as the direction . 
of this motion is opposite to that of the wheel, the absolute velocity of 
discharge, . and therefore 
the kinetic energy rejected, 
is reduced. 

Effect of Varying the 
Tail-Race Level.— If the 

tail-race level rises so that 
the wheel is partially sub- 
merged, considerable re- 
sistance to rotation is 
caused if the vanes move 
in the opposite direction 
to that of How in the tail- 
race. By reversing the 
direction of inilow, how- 
ever (Fig. 180), the direc- 
tion of the tail-race flow 
becomes the same as that 
of the buckets, and these 
may now become partially 
submerged without serious 
loss of efficiency. 

Further advantage may 
be taken of the fall by ar- 
ranging a masonry breast- 
work A (Fig. 187) to fit the wheel closely, the tail-race level being now 
slightly below the level at which each bucket finally empties itself. The 
compartment B is kept dry either by draining into a sump where practica- 
, ble, or by means of a small pump driven by the wheel. 

To avoid running at inconveniently low speeds either of two expedients 
may be adopted. The first is to run the wheel at a speed from 50 to 
100 per cent, in excess of that givings maximum efficiency, when, since 
velocities are small, the amount of energy wasted by shock at entrance is 
not considerable. 

The second expedient consists in giving hi a l?.rger value, and in taking. 
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the supply by means of a closed guide passage of suitable depth out of the 
bottom of an open forebay (Fig. 188). ^ 

The velocity of efflux is iheii increased, and the velocity of rotation may 
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be increased proportionately. The diameter of the wheel is reduced, and 
also its width for n given volume of water. A cheaper wlietd, and one 

rotating at a more conve- 
nient speed for transmission 
purposes is thus obtained. 
The olnciency is, however, 
slightly reduced, since losses 
due to shock and friction 
arc increased by the higher 
velocities, as are the losses 
due to rejection of kinetic 
enei’gy in the tail water, 
while in addition, the in- 
creased centrifugal a*ctioii . 
tends to empty the buckets 
sooner. The latter action, 
‘however, while reducing the efficiency of the wheel, tends to make it, to a 
certain extent self-governing under variable loads, since a diminution in 
load, followed by an increase in speed, tends to empty the buckets. 
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The following results of experiments by Smeaton indicate to what extent 
the efficiency is lowered by increasing the propoi’tion of the total head 
absorbed in giving velocity energy to the supply water. 


Diameter of Wheel. 
Total Head 11 

Proportion of Total Heatl 
absorbe<i in giving V elocity 
to supply W^ater. 

Elbeieney. 

•90 

•10 

•73 

•84 

•16 

•69 

•80 

•20 

•66 

•73 

•27 

•62 

•08 

•32 

•59 


Eegnlation is usually performed by a sluice governing the discharge 
from the penstock. 

Tlie overshot wheel is well suited for small powers and heads ranging 
from about 15 to 50 feet, and when working under suitable conditions 
gives efficiencies up to about 80 per cent. As the head diminishes, the 
larger proportional loss of head necessitated by the depth of the buckets 
and by "the clearances and ^2 renders the wheel less efficient, and for 
heads between 15 feet and 6 feet the breast wheel becomes more suitable. 

Art. 121. — The Breast Wheel (Fig. 189). * 

Here the wheel itself is almost identical with the overshot. The 
principles of its construction and of the design of its buckets are the 
same, but water is now admitted to the buckets at some point in the 
breast of the wheel. 

As before, the supply may be brought to the wheel either in an open 
supply channel under a comparatively low head not exceeding 1 foot, in 
which case the supply is led on belyw the wheel centre, or by means of a 
closed supply pipe under a greater head, when the supply is led on above 
the centre. The general arrangement in each case is indicated in Fig. 189 
a and i). The water is prevented from escaping from the buckets before 
reaching the bottom of the wheel by means of a breastwork of masonry, 
the clearance between the wheel and masonry being reduced to the mini- 
mum possible, usually about inch. The necessity for this breast-work 
renders the wheel more expensive than the overshot. Eegulation is per- 
formed by throttling the supply by means of sluices arranged as indicated 
in Figs. 189 a and b. 
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As in the case of the overshot wheel, the maximum efficiency is obtained 
when the bucket angles are arranged so as to ^ive entry without shock 
and when the peripheral spepd of the wheel is one half v cos a. Here a 
is the angle which the direction of the inflowing stream makes with the 
^tangent to the wheel at the point of entry. 

For maximum efficiency the level in the tail-race should be the same as 
that in the buckets at discharge. In this type of wheel, on account of the 



manner of filling the buckets, special ptovision must be made for letting 
air out as the water rushes in. To this end air vents are usually formed 
in the inner circumference of the buckets. The wheel is capable of more 
accurate speed regulation under varying heads than is the overshof, and* 
its efficiency under favourable circumstances may be as high as 65 per 
^cent. 

Art. 122.— The Side Wheel. 

Where the fall is between 3 feet and 6 feet, the breast wheel becomes 
imsuitable because of the smallness of its diameter, and in such a case the 
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Sagebien wheel may be adopted. ' This wheel (Fig. 190) has buckets formed 
by a sei’ies of flat vanes, w])ich are tangential to a circle concentric with 
the wland itself. The buclmts are open top and bottom, and are of com- 
parativiily great doi)th. The water enters the buckets with a velocity 
sensibly tlie same as that, in the approach channel, the vane aiigles being 
[leterinined as indicated in the figure, so that the vanes enter the water 
without shock. 

A circular casing is provided in which the wlictil works with little 
elearancc', and which conm^cts the head and tail-race. Then, neglecting 
leakage between tliis casing and the vanes, each bucked retains its supply 
until it piisses its lowest point of the wdiool, after which communication is 



made with the tail-race, and the level in the bucket falls to that of the 
tail-race water. For maximum efdcieiicy the wheel should be designed so 
that the level in the bucket on reaching the bottom of the wheel is the 
same as that in the tail-race. 

If Vj. r(}presents the relative velocity of water and bucket at eniranco, the 
^ater will rise initially to a height in the bucket abov(5 that in the head- 

V ^ 

race, this height being given by — , and the depth of bucket should be 


juch that in time of flood this does not cause flow to take place over the 
nner end of the buckets. 

In this wheel the velocity of rotation is proportional to the flow, and the 
^heel-is thus capable of dealing with large quantities of water. It is 
aowever, unfitted for driving a variable load, since an increase in load, by 
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causing a diminution in speed, reduces the flow through the wheel, and 
thus reduces the energy supply when it is most needed. Its peripheral 
velocity is low, and on that account it is well adapted for driving a 
pumping plant or miljing maclhnery where the load is uniform and where 
high velocities are not required. 

The chief losses occur during the emergence of the vanes from the tail- 
race. Owing, however, to the slow speed of the wheel, all hydraulic losses 
are low and an efficiency of up to 80 per cent, may be obtained under 
favourable circumstances, though the large size of the wheel and its 
comparatively costly construction very largely counterbalance the 
advantages of high efficiency. 


Akt. 1‘23. — The Undershot Wheel. 

For heads below 3 feet the undershot wheel is preferable. In its 

simplest form this consists of a 
wheel carrying a series of flat 
radial vanes around its circum- 
ference (Fig. 11)1). These, dip 
into the water flowing either 
through an ojjfji cliannel or 
througli a penstock of slightly 
greater width than the wheel, 
and are arranged so as to clear 
the ])ottom of the penstock by 
about ^ inch. In some cases^ 
the penstock itself is curved to 
fit the wheel, and leakage past 
the buckets, in the intei'val be- 
tween successive buckets arriv 
ing at the lowest point of their path, is then largely prevented. 

In this wheel, work is done solely in virtue of the kinetic energy of th, 
moving stream, the force on the moving vanes being due to the change of , 
momentum produced in the stream by their presence. 

For maximum work the peripheral velocity should be one half '"the, 
velocity of flow of the stream, in which case the theoretical efficiency ^ 
is *5. 

Owing to mechanical friction and hydraulic losses this efficiency isi‘\ 
however, reduced to about 85 per cent., and the maximum efficiency ^ 
obtained with a value of Vf, slightly less than i v (Fig. 191). 



PONCELET WHEEL 


435 


Art. 124.— The Poncelet Wheel. 

If the vanes of m undershot wheel, instead of being radial, are inclined 
backward so as to nuiko an angle /? at the tips with the tangent to the 
circumference, and if a be the angle between the direction of the approach 
stream and this tangent, then by suitable adjustment of a, p, and the 
speed of rotation, the loss due to shock at entrance may be prevented, and 
at the same time the discharge water may be given a backward velocity 



relative to the wheel, thus reducing the absolute velocity of discharge and 
the loss by rejection of kinetic energy to the tail-race. 

With flat vanes the best results are obtained when p is about 80°, 
and eliicicncies of up to 55 per cent, may then be obtained. 

In the Poncelet wheel (Fig. 193) these vanes, instead of being flat, form 
arcs of circles, and with this type of wheel etticiencies of from 60 to 70 
per cent, are usual. , 

To determine the correct vane angles, let 

AB (Fig. 192 a) represent the absolute velocity of water at entrance. 
CB represent the absolute velocity of vanes. 

Then AC represents the velocity of water relative to vanes, and to 
avoid shock, the vane tips should be parallel to AC. ^ 

Again, at the discharge point, let 
B'C = velocity of vanes. 

C*A^ = velocity of water relative to the vanes. 

Then J5'A' = absolute velocity of discharge. 
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Let V = initial velocity of water. 

,, Cj = final )) j> ^ 

„ = relative „ , „ „ and wheel 

,, It = velocity of bucketn. 

On entering the buckets the relative velocity is tv, and in virtue of this 

r ^ 

the water will rise to a height approximately etpial to feet above its 
normal level. 

It then falls through this height relative to the wheel under the action 
of gravity, so that on leaving the wheel its relative velocity will again be 
approximately equal to This assumption neglects the effect of 
friction and of eddy formation in the buckets, both of which tend to make 
the final less than the initial relative velocity. Assuming, however, for 
simplicity that ?v is same at inlet and at discharge, we have 
AO = C'A' = Vr 
CB = B^C' = u. 

For Vf to bo as small as possible with a given value of ?v» evidently 
A'B' should be perpendicular to B’C', 

The two diagrams may now be combined graphically so as to giye the 
most suitable angles a and ^ by making A'C' coincide with AC. 

Thus, draw c h (Fig. 192 h) — u and produce h v to //, making 
// c = c b. From ?/ draw a perpendicular to h h\ and with h as centre 
describe an arc of a circle with v as radius to cut this at a. Join ac. 

Then r<c ^ vi^ \ ab c = c W = p, 

Fro'ta the figure it is evident that for minimum loss of kinetic energy at 
discharge we must have v cos a = 2 u. 

V 

/. u =z - . cos a. 

In practice a is usually made al)out 15°. 

cos a = ’961). u = '488 1\ 


The theoretical efficiency is given by 


V 



WQ 

9 

V = 


-V/} 



But from the figure we have 

— t?/ = 4 
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/. With a = 15°, the maximum theoretical efficiency is '93. 
Again (Fig. 192), 

sin /3 = V sin (p — a) 

# 

V • 

^ cos a sin p=:v sin {[i — • a) 

cot tan a = i 
A 

tan ^ = 2 tail a 

If a = W\ tan /? = -5858 

iS=: 28 ' 2 '\ 


Actually, because of hydraulic losses caused by ndative motion of the 
mass of water in the buckets, and wliich are i)ro])()rtional to it is found 
advisable to diminish the relative velocity slightly by giving the vanes a 
velocity varying from *5 to '8 v. Under these circumstances the 
maximum working efficiency is obtained. 

The construction of the wheel is substantially as shown (Fig. 193). 
The laickets are open both at their inner and outer cii’cumferences, and 
to prevent water nt ini 2 )act from flowing into the inner part of the wheel, 


the depth of buckets should be not less than h + , where h = 

thickness of stream. In practice h should not exceed 9 inches. 

But 


_ sin a 
^ '■ “ sill — a) 


.*. taking a = 15°, (i = 30” (a}> 2 )rox.), we have = u = '55 v (approx.), 
and taking = 2 II, where // is the supply head, we have 


Depth of buckets : 


*3 h h 

df/ 

*3 II + /i. 


In practice the depth is usually taken as + h. 

The spacing varies so as to give about forty- eight buckets in the 
circumference, the maximum sjiacing being about 16 inches. The most 
suitable arc of water contact is about 30”. Since at all points of this arc 
the direction of the approach stream should make an angle p with the 
tangent the circumference, the apjjroach channel is not straight but 
has a bed curved so as to fulfil this condition. 

To draw this curve, let K and M (Fig., 193) be the extremities of the 
arc of contact, and from K and M draw K O and M 0 iierpendicular to 
the required directions of the stream, i.e., making an angle a with the 
normals at K and M, and intersecting in 0. Then an approach bed, 
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having as profile the arc described with centre 0, and passing through M, 
will give the required inclination at K and M, and approximately for .ail 
points between. 

Regulation is performed by an adjustable sluice whose position is 
regulated by some form of centrifugal or float governor. In order to 
prevent loss by leakage past the vane tips the supply bed is extended to 
form a circular lip closely fitting the wheel. This should be no longer 
than is necessary to give contact with two vanes at once. If made too 
long, the water on flowing down the vanes, instead of freely escaping \fith 
relative velocity meets this lip, its relative velocity is destroyed, and on 



epaerging from the lip it escapes with' the forward velocity of the vane as 
in the ordinary type of undershot wheel. 

In common with all impulse wheels, for efficient working the vanes 
must not be submerged, and the level of the supply bed must be sufficiently ^ 
above that of the t.iil-race to obviate any flooding. This wheel is wel} 
adapted for heads between 4 and 7 feet. Its speed is fairly high,' and, the 
consequent fly-wheel effect renders it easy of regulation under variable 
loads. ^ 

Its part-gate efficiency is high if the head be kept fairly constant, but 
with very variable heads, owing to the variation in velocity of^approachl 
its efficiency is not so good. 
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Art. 125.~~The Pblton Wheel. 

The Pelton wheel (Fig. 194 is the only form of water-wheel which is 
adopted for use with high heads, and whero a limited supply of water 
under such a head is available it often forms the most suitable type of 
prime mover. In such a case the turbine proper, with the exception of ^ 
the Girard type (Art. 129), is unsuitable, as will be seen later (Art. 128), 
while where the supply water is charged with sand or similar matter in 
suspension, as is not unusual, the Pelton wheel, on account of the 
simplicity of its construction and of the ease with which its buckets can 
be renewed, has manifest advantages over the Girard turbine. The 



Kia. 194.— edton Wheel. 


pressuie water is supplied through' a pipe line terminating in one or 
more nozzles which play on to a series of buckets fixed around the 
periphery of the wheel. 

The latter is a development of the old hurdy-gurdy of the Pacific Slope. 
This consisted of a wheel having a rim to which a series of flat plates 
were ffxed radially, the jets from one or more nozzles impinging freely 
on these and causing rotation. Under these conditions, the theoretical 
efficiency cannot exceed 60 per cent. (p. 878), while in practice loss by 
splashing, friction, etc., reduces this to about 30 per cent. 


By courtesy of Messrs. Gilbert, Gilkcs & Co., Ltd., Kendal. 
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The first important improvement in the machine was made about 
1870, wlien the flat plates were replaced by hemispherical cups 
fixed alternately on each ^ide of the centre lino of the wheel with 
their concave sides to the jet. This was 
known as the Cascad(i wheel (Fig. 105). By 
this means the jet was deflected backwards, 
and the theoretical possibilities of the wheel 
were at once doubled (see p. JJTH), the maxi- 
mum theoretical efficiency becoming unity. 
The next step was to replace those cups by a 
series of concave buckets mounted on the centre line of the wheel, fitted 
with knife-edged ridges to split the jet and having surfs, (t(\s curved so as 
to give the jot its backward deflection as smoothly and uniformly as 
possible. Scjveral types of bucket have been designed with this end in 
view and some of the more successful arc illustrated in Fig. 1!K) {a, />, 

and c) and in Fig. 197 
{a and h). 

While the type of 
buckcc fitted with a lip, 
as shown in Fig. 19(5 
(/') and in Fig. 197 (^0> 
is common in practice, 
it tloes not satisfy the 
conditions necessary 
for high efficiency so 
well as the bucket 
which omits that por- 
tion of the lip in the 
line of the jet as shown 
in Figs. 19(5 {a and c*) 
and 197 (/>). The lip 
and ridge of the bucket 
deflect the jet in two 
planes, approximately 
at right angles, and 
as the paths of the 
streams thus foj-med cross, a certain amount of energy is dissipated by 
their impact. FutheriiK^re, tho lip tends to deflect the jet radially inwards 
towards the rim of the wheel, in which case some fouling of the si^cceeding 
bucket is inevitable. Relative tests of buckets (Fig. 197, a and h) fitted 
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to a wheel developing 875 B.H.P. under 860 feet head, and having a 2-inch 
jet on a 35-inch pitch circle, showed an efficiency about 6 per cent, greater 
with bucket h than with bucket a} 

In practice an efficiency of unity is impossible of attainment for several 
reasons. 

(1) In order that the discharge from one shall clear the back of the 
following buclvet, the jet cannot be deflected through the full 180®, the 
actual deflection usually 
being 160”. Thus ki- 
netic energy is rejected 
in virtue of the motion 
of the water parallel to 
the axis of the wheel at 
discharge. To ju’event 
this loss bfjcoming large, 
the buckets sliould not 
be spa, cod too closely to- 
gether. 

(2) The relative velo- 
city of water and bucket 
at discharge is less than 
at the point of im])act 
because of skin friction, 
while w'indage causes 
the actual velocity of 
iin])act to l)e less than 
that theoretically equiv- 
alent to the head at 
the nozzle. Both these 
causes have the effect of 
reducing the pressure on the bucket, and to obviate this loss as far as 
possible the wetted surface of the buckets should be a minimum, and 
therefore the number of buckets should be as small as is consistent with 
continuous impact, while they should be made no larger than is necessary 
to give the required change of direction with easy curves and without shock. 
Also the surface should be as smooth and well finished as possible. 

To reduce wdndage the jet should be, circular in section, since this gives 
the minimum perimeter per unit area of cross section, while it has the 
further advantage of being the most stable form of jet. Other forms 

^ “Proceedings Inst. Civil Engineers,” 1907, vol. 170, p. 61. 
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ultimately tend to the circular, and in doing bo toi d to become 
unsteady. 

(3) Sharp corners and uneven curves in the buckets cause *()ss of energy 
by eddy formation. 

, (4) Hjj^lash on entering buckets, if unsuitably designed (reduced by 
i^reducing the number of buckets). 

The jet, being placed tangential to the pitch circle of the buckets, 
j^e^ts and remains in contact with each bucket in turn through some 
’appreciable angle of rotation. The angle at which the jet meets the 
bucket, and also the angle of discharge, will in consequence vary as the 
wheel rotates, and it follows that unless the buckets jirti dei igned so as to 
give normal impact on the ridge and a disci-. irge wliicli is tangential to 
the wheel, and unless the speed of the whorl is regulated so that ih. back- 
ward velocity of discharge is equal to the b eward V( locity of tlie ( u* Lets, 
an excess of kinetic energ} will be reje(;tod n- the tail-rio'e. 

Theoretically, assuming the angle of deflociK'n to be 1 .S(“ ' and neg 1 1 ng 
the effect of friction, the most eflicient spe-od oi the buckeis bajf 

that of the jet (p. 87 H). When allowance isuiad( for l]u^ oiTec. of I'ru-hoii, 
as on p. 371, the most efficient bucket speed is seen to be slightly less 
than this. Tn practice the most efficient bucket speeil is fon-id to bi' Iroin 
*44 to *48 times that of the jet, the higher ratio being possible with the 
more efficient buckets. 


Effici0cy of Pelton Wheel, 

Let n = peripheral speed of buckets at pitch circle. 

TT JSf 

= — where r = perpendicular distance from axis of jet to 

centre of wheel ; N = revs, per minute. 

Let V = initial velocity of jet. * 

Let V 2 = final absolute velocity. 

Let iVr = relative velocity of jet and bucket at entrance. 

Let a^V = relative velocity at discharge. 

Let a = mean angle between jet and tangent at point of contact. 

Let y = total angle of deflection of jet. 

. Then initial velocity of jet in direction of tangent ) 

at point of impact j “* 

Component, parallel to tangent at discharge, of ) 

final velocity relative to bucket \ ^ 

Absolute velocity in this direction at discharge = -f 2 ?V cos ; 
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Change of tangential momentam per second, per lb. 

= - f c cos a — tt — 2^V COB y}. 

P 

Work done per lb. of water per second 

= - { cos a — u — 2 iV cos y } ft. lbs. 

9 


Efficiency = ^ cos a — w 


2 ?V cos y } ft. lbs. 


The loss due to friction and eddies in buckets = ft. lbs. per lb 

''^9 

where = V — 2 v w cos a (Fig. 199). 

a 

The loss due to rejection of kinetic energy = ft. lbs. per lb. 

^ 9 

where + 2 V + 2 2 ^V cos y. 

Experiments indicate that in the average wheel 2 ^V be as low as 
from *5 to ‘6 times 1 ?;,.. It is certain, however, that in a well-designed 
bucket, having a ratio of bucket width to jot diameter not less than about 
B’8, this ratio is greater, and approximates to '75. 

Taking a = 10^’; y = 1()0'\- u = ‘If) v; 2 ^V = *7f> this makes 
i?V = *55 v; 2 ?V = “'ll v; and the hydraulic efficiency = *84, a value 
agreeing closely with the results ol the best modern imictice. 


Tost Number. 

1 . 

2 . 

8 . 

4 . 

flevolutioiis per minute .... 

302 

300 

301 

299 

Output in kilowatts .... 

9(52 

17*24 

2296 

2527 

Diam. of jet, ins 

4*8G 

5*61 

6*56 

6*80 

Mean velocity of jet, f.s. 

221*4 

222-8 

224*2 

227*4 

Katio of bucket to jet velocity 

•406 

*401 

•400 

•399 

Discharge, c.f.s. . . • „ • 

22*9 

.'18-2 

52*9 

57-6' 

Nozzle efficiency, per cent. 

95*8 

96*8 

!)8-2 

98-6 

Relative velocit} of jet entering bucket . 

182*1 

134*0 

135*1 

138-9 

„ „ „ leaving ‘ „ 

77-5 

79*2 

65*1 

1 63-9 

Distnbution of Energy of Jet. 





Useful work, per cent 

74*4 

74*2 

70*4 

68-1 

Backet friction and eddies, per cent. 

23*0 

23*2 

27*7 

29-2 

Kinetic energy in discharge, per cent. . 

ri 

ro 

1*8 

1-9 

Other hydraulic losses, due to splasli at 
entrance, changing angle of applica- 





tion of jet, etc 

1*5 

1*6 

M 

00 < 

° } 
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' The above table shows the distribution of energy as obtained in a 
series of tests on a wheel of which the following are the details ^ :~ 
Number of buckets . . 15 ; angle a == 4^ 41*5'. 

Width „ „ . . 19*5 inches ; angle y = 

Projected area „ . . 252 square inches ; head, 810 feet. 

Radius of pitch circle . . 83-5 inches. 

„ outside tip of buckets . 4()'5 „ 

Revolutions per minute . . 300. 

Nozzle — needle nozzle, with tip 7*5 inches diameter. 

The large value of the bucket losses, particularly in trials 8 and 4, is 
undoubtedly due partly to the com 2 )aratively small ratio of width of 


. ^ 

Fig, 1I»8. 

bucket to diameter of jet, and partly to the design of bucket, which is 
sh^wn in Fig. 198. 

The following tabh^, showing results obtained in recent tests of Felton 
wheels,^ well illustrates the extent to Vhich the high elliciency is 
maintained at part loads in a well-designed wheel. 

a -• |M‘r rftit of Full l^oad. 

1 / -- per cojit mikMoncy of tho Turbino. 


I » I « n. I a I a 1 i, 


X. 

Xf. 

XII. 

xni. 

^ “ rroceediii^^s Jnst. Mechaiiic.-il Engineers,” Jaiiuar}^ lyiO. n. 

2 By Professor F. Prazil. “ Proceedings Inst. Mechanical Engineers,” 1910-11, 


W .W) KKI 1 ) s't;: 7 !t *7 ss-i, si*(i 71 ’4 8;cr, H4-> - _ 

1 IbO ISO ;i(M» K'li-o ‘ssi* s^'t sy;{ 7-J 7 87 s .W(> 0 42 0 S7 s 24-() 77-0' 

2 .I.Vl ;i7(l (), 07)11 UKco .vi >.1 si-p 77 , s ,s:'‘s .’i.'i'l .s;c,s i» 7 -| so T) I4f2" 7!‘i‘H 

1 oao ;;,7J0 lOO'O S(r 2 SSH S(;-» S5-J 71-2 S')-J 40-7 82-9 22-3 7S‘6 
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Form of Buckets. — Where the dividing ridges of the buckets are 
straight in profile, these are not fixed radial Jy but are inclined backwards 
from the direction of rotation at such an angle as to give normal 
incidence on the first impact of the jet. If placed I’adially the jet would 
be deflected into the rim of the wlieel during the first half of the period 
of impact and would tend to produce serious ineflicjiency. 



A type of construction which is more theoretically correct, and which, is 
found to give better results in practice, is indicated in Kig. 199. 

Let (ic = V ■= veloc'ity of jet. 

Let he — u = v('locity of bucket. 

Then ah =: rehitive velocity of jet and bucket. 

If ft) = angular velocity of whee,!, and if r = radius at the point of 
imfiact, we have u = co r and h c is perpendicular to oc. 

Draw d c parallel to a h. Then d c represents the direction of the jet 
relative to the moving bucket. 

For the jet to leave the bucket with zero absolute tangential velocity, 
its final direction must be parallel to, and the component parallel to the 
plane of the wheel of its final relative velocity must be equal to cb. "B 
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then gc, the biRector of the angle hcd^ be a normal to the surface of 
impact at r, the required conditions will he fulfilled, the jet striking the 
vane in the direction d c ar\,d leaving (relatively to the wheel) in the 
direction of c h. The direction and magnitude of ac, and the direction 
of he being fixed, ij[_the final relative velocity be approximately known, 
the magnitude of be and therefore the most efficient speed of rotation 
may be determined. In a well-designed bucket the final relative velocity 
may be taken as *75 of the initial. If e and k be the first and last points 
at which the jet impinges on the ridge and if a third point I be taken 
midway between c and k, the directions of such normals as c g may be 
determined for these three points, and a smooth curve drawn through 
these points and having the required normals will give the correct curve 
for a longitudinal section of the receiving edge of the bucket. In general, 
a circular arc with centre at p, the intersection of the normals through 
c and k will give a very close approximation to the curve. 

Strictly, since the path of the mid jiarticles of the jet relative to the 
bucket is given by e q /?, the normal at q should bisect this angle. If, 
however, the curve through q be made parallel to c I k, the approximation 
to the correct curve will bo sufficiently near. * 

A close approximation may also be obtained by determining graphically 
the points of intersection of the bucket with the axis of the jet for 
different positions of the bucket, and by drawing a smooth curve Rich 
that the axis of the jet is normal to the curve in every position of the 
bucket. 

To prevent the jet striking the back of the bucket, this should be 
everywhere above the line d c, while to reduce splash on passing through 
the jet the edge at e should be as shaiqi as possible. 

modern practice the width of the buckets is between three and five 
times the diameter of the jet, the ratio diminishing as the size of jet 
tnereasos, while tlie wheel diameter sliould not be less than about 
ten times the jet diameter. If, on settling the number of revolutions and 
peripheral speed, and hence tlie diameter of a wheel, this is less than the 
required multiple of the diameter of a single jet to give the required 
power, duplicate jets should ho used. 

Clumber of Buckets. — For minimum loss these must he as few as is 
consistent with the jet being wholly inteicepted for all bucket positions, 
130 that the entering bucket may entirely intercept the jet before, the 
4«aving bucket begins to free itself. From this consideration, a sintple 
gwmetrical construction shows that if n be the ininimum po^ible 
gibber of buckets, R the extreme outer radius over the receiving edges j 
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3 f the buckets, r the pitch circle radius, and t the thickness or diameter 
the jot, n is given very approximately by the relationship 



If It = r + s, so that s is that portion of the bucket projecting beyond 
the pitch circle, we have 


TT 



Giving 8 a value ranging from *60 t in the case of a wheel of less than 
8 feet diameter to *565 t where the wheel is upwards of 6 feet in diameter, 
values of n in close accoi’d with modern practice are obtained. Generally, 

/ ’’ 

values of n given by the formula n = k W ~p where k ranges from 7*0 

to 8’0 as the wheel diameter decreases from 6 feet to 3 feet, will be found 
to give results which are sulliciently near for all practical purposes. The. 
theoretical value of s thus being ol fained, a little addilional overlapis 
usually giv(!n to allow for any slight variation in the axial position of 
the, jet. 

Speed Regulation. — Since the efficiency of a Pelton wheel, or other 
impulse wheel, depends on the maintenance of the corre(?t ratio of 
peripheral velocity of bucket and velocity of jet, if high efficiency is to be 
expe(^ted at all loads the method of governing must be such as to keep 
the latter vdocity as nearly as possible constant. Where tliis is the 
case, th(!i‘e is no reason, except for the greater proportional effect of 
windage and nuudjanical friction^at part loads, why the efficiency should 
not be independent of the load. Where, however, the jet velocity is 
variable, the efficiency falls off •considerably as this departs from its 
theoretically correct value, and for this reason the impulse wheel, while 
giving excellent part-load efficiencies under a constant supply head, is 
unfilled for situations in which the percentage variation of head is likely 
to be great. Since this is more likely to be the case under a low supply 
head, it affords one reason why the impulse wheel is not in general 
advisable under such conditions. 

The Speed Regulation of a Pelton wheel is usually performed in one of 
four ways. 
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( 1 ) The Btrcam may be deflecled so as to partially miss the buckets at 
part load, eiihor by swivelling the nozzle, which is then carried on a ball- 
and-socket joint, or by a stream deflector placed between the nozzle and 
the wheel. In the former case, owing to tluj friction at the swivelling 
joint a considerable force is required to deflect tbo nozzle, and in conse- 
quence the governor must 1 x 5 fitted with a hydraulic relay cylinder, as at 
C (Fig. 207). Tlie piston rexi of this cylinder carries the nozzle, and the 

governor by regulating 
the supply of pressure 
water to one side or 
other of this jnston, also 
regulates the position of 
the nozzle. 

This method of regu- 
lation has the disadvan- 
tage of being wasteful 
of energy at part load, 
while the nuisance 
caused by the discb.arge 
of the jet directly into 
the wheel pit may be 
very great. 

On the Pacific slopes, 
however, many of the 
water companies require 
that a constant flow 
through the pipes be 
njaiiitained, in order that a constant supply may be delivered over a weir 
to a ditch of lower level, and in this case the deflecting nozzle affords 
the most suitable nuians of speed regniatiou. The method possesses a 
further advantage in that it avoids all action of the nature of water ram 
in the pipes. 

( 2 ) The velocity of the jet may be reduced by means of a throttle 
valve placed behind the nozzle This is not to be recommended, since 
the contraction and subsequent enlargement of the stream which occurs 
at the valve is wasteful of energy, while the variation in the velocity oi 
the jet tends to inefficiency in working. 

Further, since the sudden closing of the valve causes a corresponding 
increase of pressure througlmut the pipe due to water hammer ( 5 . 222 ), 
this method of governing should never be adopted without the addition of 




Fkj. 200. 
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some suitable protecting device, such as a stand pipe, relief valve, or 
pressure regulator, to the pipe line, this being placed as near to the valve 
as possible. * 

(8) A portion of the jet may be cut off at the nozzle by means of a 
sharp-edged sluice sliding across the orifice, or the section of the jet may 
be reduced by means of a needle regulator (Figs. 200 — 202). This 
consists of a cylindrical needle of tapering section fitted inside the 
nozzle axially with the jet. The water flows through the annulus 
between the needle and the nozzle, forming a solid cylindrical jet on 



Fig. 201.-— Needle Regulator and Pressure Regulating Device for Felton Wheel 


leaving the needle. By axial regulation, the latter may be adjusted so 
as to fill the orifice either partially or wholly. 

While giving a slightly greal-er loss by friction than the sluice regula- 
tion, a more stable jet is obtained, and on the whole needle regulation is 
to be preferred. 

It is highly important, however, that the position of the needle in the 
nozzle should be perfectly central, or the form and efficiency of the jet 
may be'seriously affected. Also the needle must be supported so as to 
prevent all vibration and consequent distortion of the jet. A further 
point to be noted is that the minimum section of the discharge channel 
should occur exactly at the tip of the nozzle for all positions of the 
needle. This may be illustrated by reference to Figs. 200 a and b. In a 
this condition is satisfied. In b this minimum cross section occurs at 


E.A. 



Fig. 202. — Hydraulic Eelay Re^rujator for Felton Wheel, 
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By either method of regulation the velocity of efflux is maintained 
approximately constant, apd the efficiency is therefore only slightly 
affected at low loads, the quantity of water •used being approximatefy 
proportional to the load. 

On the other hand, the inertia of the supply column tends to prevent 
close governing unless a relief valve, or some such device, is fitted near 
to the nozzle, while care should always be taken, as explained on p. 285, 
that the closing of the nozzle actually does diminish the supply of 
energy to the wheel. 

One device which prevents a rise in pressure following any sudden 
closing of the regulating nozzle is shown in Fig. 201-. Hero the relay 
cylinder C is supplied with oil or water under pressure, this supply being 
regulated by a valve operated by the governor link. Any increase in 
speed is then accompanied by the admission of pressure water to the 
right-hand side of the piston. This forces the needle over to the left, 
reducing the supply of water to the wheel, and at the same time moves 
the cylinder itself to the right against the resistance of the sju'ings at 
and so opens the hyepass valve T. In this it is aided by the pressure on 
the valve itself, so that the pressure is quickly relieved. The motion of 
the cylinder relatively to its valve moreover tends to cut off the su])ply 
of pressure water to the right-hand side of the piston, while the 
motion of the needle is utilized to l)ring the governor link back into its 
central [)()sition. This equalizes the jjrcssure on the two sides of the 
piston, and the cylinder itself, under the action of the side firings 5, 
returns to its central position, at the same time closing the byepass 
valve. The whole apparatus is now ready to respond to a further change 
of speed in either direction. Some relay returning device of this nature 
is indispensable if hunting is to be prevented (Art. 139). 

An extremely neat device for tlio^ame purpose is illustrated in Fig. 202,^- 
and is shown in Fig. 203 ^ as fitted to a twin Pelton wheel. 

Here the horizontal governor levqr A B is not connected to any fixed 
fulcrum, but is pivoted at A on the end of a plunger working in the dash- 
pot (7. At B it is connected to the spindle of the regulating valve, F 
being n fixed fulcrum. A subsidiary lever connects the end of the 
plunger working in the dashpot F with the anchor link L and with the 
governor collar, this being solely for the purpose of steadying the motion 
of the governor. 

On a sudden increase in speed, following a reduction in load, the 
governor collar lifts and the valve spindle is depressed, admitting watej 

^ By courcesy of Messrs, filbert Gilkes & Co., Ltd., Kendal. 

0 o 2 
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behind the relay piston and forcing the spear rod into the nozzle. This 
spear rod is connected with the dashpot C, wjiich itself works in the outer 
fixed casing K, hy a series of links and a bell-crank lever not shown in the 
sketch, and as the spear rod moves to the right the dashpot is lifted, 
raising at the same time the fulcrum A. During this portion of the 
motion, there is a slight downward motion of the dashpot plunger and 
fulcrum relative to the cylinder. As the motion of the latter ceases, how- 
ever, the plunger is gradually lifted by the weighted lever lU, bringing 



Fio. 203.— Twin PelLon Wheel with Hydraulic Relay Governor. 


down the pin at B, and returning the valve to its central position with the 
gdvernor lever also in its central position. 

Any further motion of the spear rod is thus stopped until the wheel 
has had time to readjust itself to the changed conditions, when the whole’ 
arrangement is again ready to adjust itself to any fresh change of speed. 

Water ram on closing the nozzle may, if necessary, be prevented liy fif 
special automatic device of the makers. In this the spear rod is directly 
connected through a link with a dashpot plunger, the cylinder of which is 
'vertical, is capable of axial movement, and which is itself connected to a 
small needle valve which is opened by any upward motidp of the*^ 
cylinder. The maili relief valve is slig:htly overbalanced hydraulically «0 
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as to remain closed whatever the pressure in the main. If, however, the 
spear rod closes the nozzle rapidly, tho sudden motion of the dashpot 
plunger sucks up the dashpot cylinder and with it tlie small needle valve. 
This allows water to escape from above the main relief valve, which is then 
lifted by the excess pressure on its under side and permits of free dis- 
charge from the body of the nozzle. 

The dashpot cylinder now begins to fall by its own weight, closing the 
needle valve and thus the relief valve, the time of closing being adjusted 


Fig. 204.— T'ressure Kejgulator for Pelton Wheel. 



by regulation of the dashpot orifices to suit the length of the supply pipe 
line. 

This system has the great advantage that its working is quite indepen- 
dent of any rise in pressure in the main, but rather anticipates any such 
possible rise. 

Fig. 204 shows details of a device working on exactly the rame principle, 
and applied in this case to the twin Pelton wheel shown in Fig. 205. 
Here the cross lever L is connected to the piston rods of the two relay 
cylinders, and carries the dashpot rod A, Its connected plunger works in 
the weighted dashpot (7, which itself carries the needle valve Vi. Pressure 
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water supplied through the small pipe P keeps the main escape valve F 
cJoBed BO Jong as the valve Fi is dosed. If tkis valve is opened, however, 
by a sudden upward iuoti(Ki of L, the pressure above the main valve is 
relieved, and the valve opens, relieving the pressure at the nozzles iV. 

The valve r 2 permits of a sudden depression of L, without unduly 
stressing the dashpot rod A. 

A modification of the needle method of regulation is indicated in 



PlO. 205.-“ Double Tangential Impulde Wheel, 500 H.P. at 375 Revolutions 
under 262 feet head ; wheel diameter ,3-28 feet. The Kubel Electric Power 
Plant, St. Gall. 


Fig. 205,' which shows a section of a double tangential wheel of 3*28 feet 
diameter developing 500 H.P. under a head of 2(32 feet. Here the nozzle! 
is rectangular in section, while its upper side is formed by a pivoted flap 
whose position is regulated by that of the piston of a relay cylinder* 
actuated by the governor. The area of this piston is so large tfiat when 
its upper side is relieved of pressure, the upward pressure on ^ its lowers 


* By courtesy of Messrs. Escher, Wyss & Cie., Zurich. 
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face, which is in communicaiion with the nozjsle, is sufficient to close the 
flaj). Pressure water from iho nozzle is supplied to the re ‘^ulating valve V 
(Fig. 200) which nigulates the pressure on thatop of piston I\ If the speed 
of the wheel increases the governor sleeve rises and the lever A C turns 
about the fulcrum L*, depressing valve V and putting the upper side of 
piston P into communication with the exhaust. This piston rises, closing 
the nozzle, and also lifting tlui point of attachment F of the link F B, 
This raises 7> and also C and brings- tlui valve V into a new position of 
ecpiilibrinm, in which it is prepared to lake control of any fresh change of 
speed. A striking ficiture of this installation is that it is fitted with a 
draught tube (Art. 1 'M ), 
and works uiidcT a suc- 
tion head of 22 feet. 

(1) A modern and 
ver\ common nudhod 
of regulation is illus- 
trated in Fig. 207. 

Hero a condunation 
needle and deflecting 
nozzle is used, the 
needle being set by 
hand, so as to take the 
maximum load likely to 
occur during any hour, 
v/hile the dciflection 
takes care of any varia- 
tion of load up to this 
peak. With a very 
variable load, such as 
occurs in electric light- 
iiig plants, considerable 
economy may thus be 
eliminated. 

A fielf -regulating wheel which has been tried with good results as regards 
speed regulation consists of two discs mounted side by side on the same 
shaft and capable of relative sidelong motion. These are kept in position 
by springs, and each carries a series (>f half buckets which fit together: 




Piston 

P 


•"1 



Exhaust 


\-<m Pressure 


i]#— 


-Link to flap 


Fio. 200. 


effected, while the possibility of water ram ip 


when the discs are close together and then form ordinary Felton buckets. 
An increase in speed, by the consequent increased centrifugal force on 
masses mounted on bell-crank levers connected to the wheel, produces a 
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relative Bideloiig motion of the discs, which part in the middle and allow 
a portion of the jet to pass through to waste. < 

The complication introduced by this device, together with the waste of 
energy common to any such method of governing, form the chief draw- 
backs to the scheme. 

The table on the opposite page gives some details of typical Pelton 
wheel installations of comparatively recent date. 

If desired, two or three jets may be arranged so as to play on a single 
wheel, and the power obtained is then practically proportional to the 





Fig. 207.- Combined Needle and Deflecting Nozzle. 

number of jots. In such a case the sliding hood provides the most 
.convenient method of speed regulation. 

For heads above 400 feet, and for j^wers in single units up to about 
2,000 the Pelton wheel is by %r the most suitable type of prime 

mover, while for units up to 15,000 H.P. and with heads ranging from 
lOG to 400 feet, it is for many purposes to be preferred to its only serious 
rival, the inward radial flow or Francis turbine. In view of its copibined 
simplicity, efficiency, and ease of regulation, it is probably thet. mopt 
perfect of all hydraulic prime movers, and this may be the more readily 
granted when the difficult conditions under which it works are 
remembered. Taking a jet of water to all intents and appearances as 
rigid as a rod of glass, and, in virtue of its enormous velocity, possessing 
almost infinite destructive possibilities ; dropping it almost without 
splash into the tail-race divested of practically the whole of its kinetia 


i' 6“ 24 bncKet& tx> each wheel. 

Nozzle throttling valve^ 
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energy; the whole affords an unique example of the possibilities of 
engineering science. ^ 

of PclUm Wheel. 

Example. 


To design a Pc^lton wheel to work under an effec.tive head of 500 h^ot 
and to develop 800 IT.P. at uGO revolutions per minuie. 

Assuming a coefficient of velocity = *985, the velocity of efllux of 
the jet = -985 X V SOOlTcl^ 

= 177 feet per second. 

Taking the velocity of the pitch circle of the wheel as *40 times that of 
the jet, we have 

Peripheral velocity of wheel = 81*3 feet per second. 

81*3 X GO 

Radius of pitch circle = .. - = 2*158 feet. 

* 2 IT X 3(»0 


.*. Diameter of pitch circle = 4 feet 3^ inches. 

Next assuming an efhciency of 85 per cent., we have the energy passing 


800 X 550 

the nozzle per second given by --- ft. lbs. = 518,000 ft. lbs., and 


since each cubic foot of water contains - 


62*4 X (177)‘^ 




ft. lbs. = 30,380 


ft. lbs. in the form of kinej/ic energy, this requires = 17*06 cubic 

feet per second. 

The reipuircd area of the n^zle is thus == ‘0964 sq. ft. 


= 13*89 sq. ins. 

giving a jot diameter of 4*20 inches. 

^ /V 

Taking n = 7*5 y this gives the^ number of buckets as ^ equal to 

V 25’9 

- = 18*6, or say 20 for convenience in balancing. 


Next applying the formula n = — p ' — T C ”2 wo get, on 

substituting for r?, r and f, on reduction s = 2*5 inches, giving the 
amount by which the buckets must project beyond the pitch circle for 
continuous impact. For safety it is usual to inci'oase this slightly^ say to 
^*75 ijQches, giving an extreme wheel diameter of 4 feet 9.{ inches. ^ 

The buckets would in this case be abou^ 21 inches wide. 



JETS FROM NEEDLE-NOZZLE m 

Art. 126.~Jets prom Needle-Nozzle. 

The presence of the central neetlle in a nozzle provided with needle 
regulation causes a reduction in the vofoeitv of the central tilament, 



and to this extent tends to reduce the efficiency of the jet. Fig. 208 
shows the velocity obtained at different points in the cross section o| 
a jet obtained respectively Irom a plain conical nozzle, a ring nozzle 
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and a Pelton wheel nozzle with needle regulator.* From these it appear* 
that the central velocity at a point distant J inch from the tip of the needle 
is only *68 of the maximum velocity. At a section 8J inches from the tip 
this ratio becomes ‘90, while when the distance is 9^ inches it becomes *96. 

At mid opening (diameter r25 inches) the coefficient of velocity dimi- 
nishes slightly as the head increases, from about *992 with 23 feet head to 
“978 with 120 feet head. With a given head the velocity was slightly the 



^^atest with the nozzle half open. The efficiencies in these experiments 
iraried frhm *964 to ’OOS. The maximum jet diameter was 1*50 inches. 

' Experiments on a larger nozzle, giving a jet up to 7 inches diameter 
under heads up to 850 feet,^ showed the following results : 


Distance from centre of 
jet (inches). 

0-0 

1 

•6 

1-0 

1 

2’0 

3-0 

Velocity (feet per second) 

212-7 

228-7 

229-3 

229-9 

227-8 ■ 


1 From a Thesis by II. C. Crowell and 6. 0. Lenthe (Massachusetts Institute of 
Technology, 1903), 

•’W. K.'Eckhait, Inst. Mecb.‘ Engineers, January, 191,0. 



EXAMPLES 


The coefficient of velocity increased from *971 to *989 as the nozzle 
area was increased, the coefficient of discharge diminishing at the same 
time from *965 to *838, and the efficiency increasing from *958 to *986. 
Fig. 209 shows the shape of needle and tip used in these experiments. 


Examples. 


(1) A Pelton wheel working under an effective head of 2,100 feet is 
86" diameter and is supplied through a single nozzle. Determine the 
necessary number of revolutions of the wheel for approximately maxi- 
mum efficiency and the probable horse-power, assuming an efficiency of 
83 per cent. 


Answer. 


1,060 revolutions per minute. 
97*5 H.r. 


(2) A Pelton wheel develops 140 B.H.P. under a head of 98 feet. The 
wheel is 20' 0" in diameter, and is supplied by two nozzles. Determine 
the number of revolutions per minute and the necessary nozzle diameter, 
if the efficiency is 80 per cent. * 

, ( 35 revolutions per minute. 

Answer. 1 < o • 

I Diam. = 4 '3 ins. 


(3) Show that th(i efficiency of a I’elton wheel is theoretically equal to 

'' f I ^ 1 { 1 - * C08 a } 

()0///i 1 ’ 60 1 

Wh(ire r = mean radius of bucket circle. 

N = revolutions per minute. 
h = effective head at nozzle. 

(7^, = coefficient of velocity at nozzle. 

k = ratio of relative velocity at exit from and 'entrance to 
buckets. 

ft' 

a = total angle through which jet is deflected. 



CHAPTER XIV 


Purbines— Types — Impulse Prefisurc — Girard—Haenel— Barker’s Mill Fourneyron — Jonval 
— The Suction Tube — Francis -Thomson — Compound Turbines — American Mixed Flow 
Type—Governing of Turbines— Head and Tail Races. 

Art. 127.--Turbines. 

In general, l)y a turbine is meant a water-wheel whicli is so arranged 
IB to allow of water being admitted simultaneously at all points on its 
jircumference, thus enabling a greatly increased power to be obtained 
>vith the same wheel diameter. 

Turbines may be divided into two main classes, known i*espectively 
iBJmpuhe turbines and as Pressure or Reaction turbines, according to the 
Manner in which they abstract energy from the supply water. 

In an impulse turbine, the whole head of the sujiply water is converted 
nto kinetic energy before the wheel is reached, the water issuing from 
ihe nozzles or guide passages in a series of streams or jets moving with 
ligh velocity and exposed to the pressure (usually atmospheric) o})taining 
n the turbine casing. It then enters a series of buckets formed by 
jurved vanes in the turbine ^lieel, and in virtue of the change of 
iirection, and hence o{ tangential momentum produced by these vanes, 
3xerts a driving force, and so does work on the turbine shaft. Its surface 
}res8ure remains uniform throughout the turbine if this is correctly 
lesl^ned, and its direction is freely deviated by the vanes. For this 
reason, this is sometimes termed a turbine of free deviation. 

For the pressure to remain uniform throughout the wheel it is essential 
jhat the stream should not fill the spac^ between any two moving vanes, 
ind to prevent this occurring the buckets are usually ventilated as shown 
n Fig. 210, which represents a part section through the wheel and 
guides of a Girard turbine. 

In a Pressure or Reaction turbine, the water on leaving the guide vanes 
md entering the wheel is under pressure, and thus supplies energy partly 
n the kinetic and partly in the pressure form. In its passage through 
ih^ .wheel this pressure energy is gradually converted into kinetic energy, 
md the .water finally leaves the wheel at a pressure not sensibly grater 
that of the atmosphere. The change of momentum accompanying,; 



TURBINKS 


this change from pressure head to velocity head necessitates an equiva 
lent reaction on the moving vanes, and work is thus done on the turbim 
shaft. This turbine, as ^Yell as the impaise type, therefore owes iti 
propelling force not to statical pressure, but to changes of momentum 
the pressure difference over the concave and convex faces of a buckei 
being produced, as in the imj>iilsG wheel, by the change of momeiituin ii; 
the stream passing the bucket. In the case of a wheel having vertica 
downward flow the weight of the water also adds to this propelling 
force. 

Since the turbine works under pressure the buckets should always 



remain full of water, and to thio^ end admission should take place con- 
tinuously all around the circumference of the wheel. If not, those 
buckets which happen to be idle will either he empty, having discharged 
their contents into the discharge pipe, or will contain dead water. In 
the first case the buckets must bo refilled before the pressure at the 
circumference can be utilised, while in the second case the necessity for 
imparting momentum to this dead water causes loss of energy by impact. 
In either case the loss of energy may be considerable. In the impulse 
wheel, on the other hand, the supply may be admitted either wholly or 
partially around the circumference without loss of energy. 

These two main types of turbine may be subdivided, according as the 
general direction of flow through the wheel is radial and perpendicular 
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fco the axis, parallel to the axis, or is a combination of these, , these sub- 
types being designated respectively as 

Radial flow \ 

Axial or parallel flow ! turbines. 

Mixed flow J 

Radial flow turbines may again be subdivided into inward flow 
nachines, when flow takes place from the circumference to the centre of 
;he wheel, and outward flow when tlie flow is in the opposite direction. 

The chief turbines in the various classes are : — 

(1) Impulse Turbines. 

Axial or radial flow . . Girard turbine. 

Mixed flow .... Pelton wheel. 

(2) Pressure or Reaction Turbines. 

(a) Inward . — Thomson vortex turbine and the original 

Radial flow Francis turbine. 

(b) Oittward.—Yomneyron turbine. 

Axial flow . . Borda turbine, Henschel-Jonval turbine. 

Mixed flow . . Hercules, Victor, and other turbines of the Aineri- 

can type. All modern Francis turbines are t^ 
a certain extent of the mixed flow type. 

One special type of turbine, the Ilaeriel, may work either as an impulse 
)r pressure wheel. 

Art. 128. — The iMruiiSE Turjune. 

All impulse turbines may be considered as modifications of the 
;angential or Pelton wheel, in which the jet is unconfined laterally. 

Where the supply head is very great the necessary peripheral speed of 
I .^rbine to take full advantage of this is also great, while, as will be 
shown later, the necessary speed is greater in the case of a pressure 
mrbine than with one of the impulse type. This peripheral speed may 
be obtained either by having a wheel of large diameter with low angular 
irelocity, or with a small wheel making a large number of revolutions per 
minute, and for a pressure turbine, where it is necessary to admit water 
ill around the circumference, it is imperative that the periphery, and 
therefore the diameter, be comparatively small, and the angular velocity' 
in consequence high. For many purposes the necessary speed of rotation 
under very high heads then becomes too great, while the hydraulic resist- 
ances inside the turbine casing become excessive. 

' In such a case the pressure, turbine suffers from the further diss£^van- 
tage that the ports and passages are of necessity small and constricted in 
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area, and are in consequence liable to be choked by any floating matter 
which may escape the strainers in the head-race. 

Eor very high falls, then, the most suitablti turbine is one in which the 
wheel itself is not submerged ; in which the supply may be admitted to 
as much of the circumference as is necessary to develop tlie required 
power ; and such that any particular diameter may bo adopted which 
will best suit the desired speed of rotation. 

The impulse turbine in the form of the tangential water-wlieel or of 
the Girard turbine satisfies these conditions within wide limits, and for 
heads lietween 100 and 800 feet will often, and for heads above 800 feet 
will generally he the most suitable type of prime mover for all but the 
largest powers. Since with suitable means of regulation the jet velocity 



Flo. 211.— Girnrd Turbine with Outward Radial Flow. 


is constant und(U' a constant supply head for all loads, under these 
circumstances the efficiency of an impulse turbine is approximately 
independent of the load, the variation in efficiency being chiefly due to 
the proportionately greater inflect of mechanical friction and of air resist* 
aiice or windage at low loads. 

Art. 129. —The Giraud Turiune. 

This turbine may be constructed either as an axial flow machine 
(Fig. 210), in which case the axis is usually vertical, or with inward or 
more commonly outward radial flow (Figs. 211 and 212). With radial 
flow the axis may be either vertical or horizontal. The axial flow type 
is more suitable for largo powers under comparatively low heads, where 
full circumferential injection is required. 
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Pressure water supplied through the pipe Q is guided by the con- 
verging passages P P, its pressure diminishing as its velocity increases 
and is discharged at atmospheric pressure into the moving buckets B B 
These are ventilated to prevent the jet expanding to touch the rear vane 
and since the width of bucket diminishes with the angle of inclination oj 
the vanes, they are also splayed out from the inlet to the discharge side, 
the breadth at discharge usually varying from 2*5 to 8 times that at inlet. 
The outward deviation produced by this splaying of the buckets, while 
slightly diminishing the efficiency of working, cannot be avoided. The 
guide and vane angles at entry and exit are so designed that water 



Fiq. 212.— Pari ial Admission Girard Trirbine. 1,000 H.P. at 600 revolutions per minute 
under 1,640 ft. head. 


enters 'the buckets without shock, and is discharged with an absolute 
velocity which is only sufficiently great to ensure its ready removal from 
the wheel. 

When less power is required one or more of the inlet passages may be 
cut off by means of the slide S, the motion being regulated either by 
hand or by a governor. By the provision of a series of supply ports 
which may be completely cut out of action one by one, the loss of energy 
which is inevitable through contraction and re-enlargement of section 
whenever a stream is throttled, is reduced to a minimum. Where only 
one admission port is used, the supply should be regulated by mealis of a 
sluice or hood working between the port and the entrance to the ^buckets. 
3y this means the velocity of efflux is unaltered, and the only Ipss 
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introduced is that which may be caused by any alteration in the angle of 
impact of the jet. ^ 

Fig. 212 shows such a turbine, built by Messrs. Piccard, Pictet & Co., 
of Geneva, and developing 1,000 H.P. at 500 revolutions per minute, 
under a head of 1,640 feet. 

In a radial flow machine having full circumferential admission, a 
cylindrical sluice or gate is often used, this partially cutting oft’ the supply 
to each bucket. 

While specially well fitted for heads of 100 feet and upwards, this 
turbine, with full circumferential injection, gives good results with heads 
from 10 to 50 feet, and has indeed been used with a head as low as 16 J 
inches. Under the latter head an efficiency of about 55 per cent, may be 
attained. With low heads and full injection the wheel must be horizontal, 
since with a vertical wheel the jet velocity at the highest and lowest 
points would be very different, while at the same time the loss of head 
du(f to the difference in level of the guide vanes at exit and the tail-race 
would become serious. To avoid the latter loss as far fis possible in the 
case of a vertical wheel with partial injection, the guides are placed as 
near the bottom of the wheel as practicable. The horizontal wheel offers 
the further advantage for large volumes of water, in that it affords greater 
facilities for getting rid of a complete circumferential discharge. 

In common with all impulse turbines, the part gate efficiency is high, 
while under suitable conditions the full load efficiency may amount to 80 
per cent. In the case of an outward flow Girard turbine described in the 
“ Proceedings of the Institution of Civil Engineers,” ^ and giving 400 H.P. 
under 694 feet head, the outer diameter of the wheel was 8' 11", inside 
diameter 7' lOJ", the vanes, 110 in number, were 4'7 inches wide at the 
entrance, and were splayed out to 15 J inches. A single inlet passage was 
used 4’31 inches in width. Und'.r this head the jet velocity was 181*6 
feet per second, and the efficiencies were as follows : — 


B.H.P. 

• 

lie volutions. 

Efficiency. 

82*5 

211 

59-5 °/o 

341 

210 

76-4 °/o 

400 

209 

79-0 7o 


In this type of impulse wheel the impossibility of making the jet 

i 1881-2, Part 4. 

• H H 2 
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hangential to the wheel at entrance, and the necessity for the Escaping 
stream to clear the discharge from the following bucket render it 
impossible to deflect the jet through 180®. Jf n is the angle which the 
incoming jet makes with the plane of the wlieel in an axial flow turbine 
and with the tangent plane to the wheel at the point of impact in a radial 
flow machine, and if y be the angle which the discliarge tips of the vanes 
make with the same plane (Figs. 210 and 211), a is generally made about 
24® and y about 21®. These values, however, depend upon the head 
increasing from about 12® and 13® respectively, with large heads and small 
volumes of water, to about 30® and 28® with low heads and large volumes. 
jS, the angle of inclination of the vanes at entrance is then made so that 
the entering stream slides along the vanes without shock. 



^I(}. 211. 

The construction for determining the vane angles is shown in Fig. 211. 
*6ere a b represents v, the velocity of the stream leaving the guide vanes, 
in magnitude and direction, while hh •= ac represents ii, the velocity of 
the wheel buckets at the point of entry, ch = ah then repr(3sents the 
relative velocity at entrance to the buckets, and marks the correct 
inclination of tlie bucket tips. 

In order to take advantage of the full head any impulse turbine working 
under atmospheric pressure should bo located at as small an elevation 
above the tail-race as is possible. While keeping this in view, however, 
it is highly important that the situation of the wheel be such that it is not 
liable to become submerged by a raising of the tail-race level in, time of 
flood. If this should occur the buckets run full, the wheel works as a 
pressure turbine, the conditions for which it is designed are'ventirely 
violated and efficient working becomes impossible. 
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This often necessitates the sacrificing of a portion of the available head, 
and, with a low fall, renders the use of such a turbine inadvisable. With 
a high fall such proportional loss is in generahso small as to be negligible. 

Attempts have been made to remove this drawback to the impulse 
turbine. Thus Girard, in his system of Ilydro-pneumatization, placed the 
whole turbine in an air-tight casing, the lower end of which opened out 
beneath the surface in the tail-race (Fig. 213). By means of an air pump 
driven by the turbine the air in this casing was maintained "at such a 
pressure as to keep the water level inside the casing below that of the 
turbine wheel, whatever the tail-race level. The complication and expense 
thus introduced, however, together with the fact that power is required to 
work the air pump, prevented the general adoption of this idea. 

By mounting the wheel in an air-tight casing at some distance above the 
tail-race and coupling this 
to a discharge pipe or 
draught tube (Art. 134), 
delivering below the sur- 
face of the tail-race, the 
difficulty may be over- 
come. On starting up 
the turbine the escaping 
water ejects the air from 
the casing and creates 
a partial vacuum. An 
air valve, actuated by a 
float in a chamber con- 
nected with both casing 
and draught tube, then 
admits sufficient air to prevent water level from rising as high as the 
wheel. Fig. 205 shows one of a series of double Felton wheels of 500 H.P. 
which work perfectly well under a auction head of 20 feet. 

An older device, due to Meunier, consisted in regulating the discharge 
by means of a sluice automatically regulated by a float. The required level 
in thci turbine casing was thus maintained, and the addition of a draught 
tube rendered possible. 

In the Hacnel ‘‘ limit ” turbine, which is essentially the same as the 
Girard, the buckets are so designed that they run full when working as an 
impulse turbine, the areas of the wheel passages being approximately the 
same throughout. The flooding of the turbine does not then affect its 
efficiency except in so far as it affects the available head, since the machinCki 



Fig. 213. — Axiai Flow Oimrd Turbine with Full Circum- 
ferential Injection and with Girard’s System of Hydro- 
pueumatization. 
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then acts as a pressure turbine. It is fairly good for low falls with a head 
which does not vary greatly, while its efficiency varies from about 60 per 
cent, at half gate to a maximum of about 72 per cent. It is seldom 
met with in modern practice. 

Whether a horizontal or a vertical shaft machine is to be preferred 



depends largely on the location of 
the plant. 

The horizontal shaft design gives 
a motor which is very accessible, 
and which is conveniently situated 
for gearing by means of belting to 
other machinery, and where the 
power-house is situated near the 
tail-race level, the supply being con- 
veyed from the head-race by pipes, 
this design will in general be 
adopted, the turbines being placed 
directly on the floor of the power- 
house. Where the more convenieht 
site for the power-house is near the 
head-race, a well must be siiiik down 
to tail-race level, connected to the 
tail-race by means of a tunnel or 
pipe, iind the turbines erected at the 
bottom of this well. A vertical shaft 
machine is now' almost essential, this 
shaft being carried vertically up- 
wards into the power-house and 
svpported at intervals by suitable 
oearings. When driving an electrical 
generator this forms a convenient 
arrangement. The armature is 
mounted directly on the rotating 


Fig. 2H.— Barker’s Mill. shaft, and the arrangement has tl:^e 


further advantage that since all the electrical machinery may be placed 
well above the head-race level it is not likely to bo affected by floods. 


This arrangement is, however, in general not to be recommended where 
it is possible to place the power station near the tail-race level.' Not 
only is the turbine well costly to construct, but the cost of constlruction 
of the discharge tunnel or pipe line is ,much greater than that of 
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corresponding length of the supply pipe line in the latter scheme. In 
fact, in all turbine schemes, it may be taken as a general principle that 
the cost per unit length o^ tail-race is greater than that of head-race or 
supply pipe. Also the necessity for a long and heavy vertical shaft 
increases the first cost of the tur- 


bine, renders it less accessible, 
and involves the use of expen- 
sive and complicated bearings 
for dealing with the end thrust 
thus set iip.^ 

Art. 130. — Pressure or Re- 
action Turbines. 

All pressure turbines of the 
radial outward flow type may 
be considered as modifications 
of the old Scotch turbine — Re- 
action wheel, Barker’s mill, or 
Segner’s turbine, as it is vari- 
ously called. In this turbine 
(Figs. 214 and 215), water is 
admitted through a vertical 
supply pipe, flows outwards 
through straight or curved hori- 
zontal arms, and escapes 
through orifices so placed in 
these arms as to give a series 
of horizontal jets perpendicular 
to the diameters containing the 
orifices. The reaction of the 
jets then produces rotation of 



FlU. 215.— Barker’s Mill. 


the wheel. This is, however, only made in small sizes and is not of 
practical importance. 


• Theory of the Barker's Mill, 

Let V = velocity of water issuing from each nozzle relatively to the 
nozzle, in feet per second. 

Let u = velocity of nozzle relatively to the ground. 

Then v — u = absolute velocity of discharge. 


* For a description of such bearings see Arts. 133 and 135, and Figs. 225 and 234 d. 
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Let Q = volume of water discharged per second in cubic feet. 
h =z head of water above the orifice in feet. 

Then the horizontal reaction of ) ^ * 

the jets, ie.f the momentum . = 

generated per second ^ 

Work- done by this reaction ) _ ,r __ Q U\ 
per second j ”” q 

The energy given to the wheel i __ 

per second j — C 1 

Efficiency = - 


O.; »rijDDi I __ - 

per second | v - * '/• 

Efficiency = - 

Again, the total head at the orifice is the sum of ilie pressure due to the 
head h and of the kinetic head duo to the velocity of wliirl ?/, so that, 
neglecting friction, 

+ ¥p- 

Substituting this value of v in the expression for the efficiency, we get 


'='11^ 


'ir 


Differeiitiating thw with respect to •« and e(iuiiting the result to zero, ‘we 

fiually get for iimxiiuum efficiency ^ - 0, -a result which can only he 

true when u k infinitely large. It follows that with a frictionless wheel 
the efficiency would increiiso with the speed and would heconie unity when 
the speed <^vas infinite. Act^lly, however, frictional loss'is, which increase 
with the 'Speed, cause a maximum efficiency to ho olitained ut some defi- 
nite speed with any given wheel. ' 

^ Taking frictional resistances inside the wheel into account, and assuming 
these to be proportional to and to equal F - we have ■ 

‘ ‘2p 

-I ^ 

Total head behind orifice = /i + * . 

This must equal the kinetic energy at the orifice together with the loss 
by friction 

‘ 2 </ ~ ‘rfi ~ 2 y 

(1 + F) — 7/2 zz: 2 fl h. 

Substituting this value of v in the expression for the efficiency, this 
now becomes 
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and on differentiating and equating the result to zero we get, for 
maximum efficiency 

{ V 1+ 

In general the maxim urn hydraulic efficiency of the wheel does not 



exceed ()G*0 per cent., while the mechanical friction losses bring this down 
to about GO per cent. 

If the wheel is loaded by means of a brake, tlie magnitude of the various 
transfonualioiiB of energy may be deie^rmined as follows : — 

Let L = nett brake moment in foot pounds. 

N = number of revolutions of wheel per second. 

Then useful work per second = 2 tt L JV ft. lbs. = I/, 
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±E„ 


while the energy rejected in the discharge 

From this we have : — 

Energy lost inside the wheel by hydraulic friction, etc. 

= Energy given to wheel, — Energy accounted for per second 
(?; — n)^ (v — u) 


= Q IF [ 


h- 


Kp 


'^0 9 

Energy lost per second in overcoming friction of bearings 
= ^ ^ ^ ^ 2tt LN, giving Kp -j- Ilj- -f- Kjy U Q W h 

The distribution of, energy m.ay be shown graphically as in Fig. ‘216, 
which records the results of a series of trials by the author on such a 
wheel. The details of the wheel were as follows : — 

Diameter of nozzles *253 inches. 

Number of nozzles 2. 

Kadius of nozzle path 5*875 inches. 

Head of water above nozzles .... 3*20 feet. 

In these trials the power was absorbed by means of a Prony brake 
applied to a horizontal drum. Water is ad- 
mitted by means of a vertical down pipe P 
(Fig. 215) open at the bottom, and con- 
centric with the rotating tube 7’, and trouble 
^lused by the entrainment of air bubbles in 
the down-coming stream is thus avoided. 
The maximum brake efficiency of this ma- 
chine, as determined from the results of a 
large number of tests is 60*6 per cent. 

The maximum efficiency was obtained 
with, a speed of 295 revolutions per minute, giving a’ nozzle velocity of 

14*75 f.s. 

In this case, for maximum efficiency = 1*19 V (/ h 



Fio. 217. 


From this we have 




= 1*052 V^Jh. 


l + ~-l = 1*492 = 2 * 22 . 


Substituting these values in the expression for the theoretical hydraulic 
^fficiqncy we get = 69*2 per cent., as against the value, 64 pi cent.^ 
Actually obtained. 
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One form of this wheel, Whitelaw’s mill, was constructed with arms in 
the form of an equianguJar.spiral (Fig. 217), the idea being that when in 
motion the water would How outwards from the centre to tlie jet in radial 
lines, and that any loss due to eddy formation would be avoided. A little 
consideration will, however, show that this can only be the case when 
V = w, and when in consequence no work is being done by the wheel. 

Aut. rdl. 

The Borda wheel was in all probability the first practical pressure 
turbine to be constructed. This consists of a couple of concentric 
cylindrical casings (Fig. 218) mounted 
on a vortical shaft, the si)ace between 
these being provided with a series of in- 
clined vanes. The casing is usually of 
some considerable depth and the mean 
radius of the vanes largo. Water is led 
into the casing in a direction almost 
nortnal to the vanes and acts partly by 
impact. The pressure produced by its 
weight is, however, the chief factor in 
producitig rotation. Strictly speaking, 
the wheel is a pressure or impulse tur- 
bine according as the buckets run wholly 
or partially full, this d(q)ending on the 
distance between consecutive vanes. In 
the Borda, in common with all other 
axial flow turbines, since the direction of 
the flow is parallel to the axis, the effect of centrifugal force on the flow 
may be neglected. In spite of its dluidity, efficiencies of up to 70 per cent, 
have been obtained with this, which is the origin of all modern turbines 
of the parallel flow typo. * 

Aut. 132.— The Fouunevuon Turbine. 

The first ' lighly efficient pressure turbine was, however, a development 
of the reaction wheel by Fonrneyron (1827). The Foume 3 rron turbine is an 
outward radial flow reaction wheel (Fig:. 2 ID). Water is supplied through 
the pipe S which is closed at the bottom and terminates in an inverted 
cone, the outside of the pipe forming the entrance to a series of guid( 
passages P. Guided by these passages, the water enters the whee 
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moving in the same direction as the wheel buckets, impinges on the 
curved vanes B, has its direction of motion changed, and finally escapes 
around the periphery of the wheel. 

This type of turbine has been used with heads from 1 foot to 850 feet, 
and with moderate heads is capable of an efficiency of about 75 per cent, 
at full power. With high heads the speed is, however, inconveniently 
high, and the size of buckets and guide passages consequently small, 
rendering these very apt to be choked. Speed regulation is usually 

performed either by 
throttling the supply at 
its entrance to the wheel 
by means of a sliding 
cylindrical or ring gate, 
or sluice, fitting between 
the fixed and moving 
vanes (Fig. 220) and 
actuated by means of a 
governor or ))y thrott- 
ling the discharge 4)y 
means of a similar ring 
gate fitting outside the 
moving vanes (Fig. 221). 
This, by increasing the 
pressure in the wheel 
reduces the effective head 
producing rotation. 

The former method has 
the disadvantage that 
the entering streams of 
water, after their contraction in escaping past the edge of the ring gate, 
re-expand to fill the moving buckets, with consequent loss of energy. On 
account of this the efficiency at part gate is low. It may be improved if 
the turbine wheel be divided by parallel diaphragms as. indicated in 
Pigs. 220 and 221, into what is in effect a series of wheels in parallel. ^ 

In such a wheel this enlargement of section after cut off can only affect 
one chamber, and the part gate efficiency is in consequence increased. 
The method has the drawback, however, that the areas of tlie apertures are 
reduced and also that frictional resistances to flow are increased by the dia- 
phragms, so that the full gate efficiency suffers. In spite of this,Mt forms 
the most general and satisfactory method of governing turbines of this type. 



Fig. 219— Section thronj?h Guides an<l Kunner of 
Fournoyron Turbine. 
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The second method, by increasing the pressure at exit, diminishes the 


effective head and increjises 
the loss of kinetic energy at 
exit, and is hence very ineffi- 
cient at part gate. In tlie first 
turbieies erected at Niagara 
Falls, which were of the Four- 
neyron type, and of 5,500 H.P., 
this method of governing was 
adopted with satisfactory 
results as regards speed regula- 
tiond 

Outward flow turbines are in 
general difficult to govern, 
because an increase in spc'ed 
caused by a reduction in load 
increases the centrifugal pres- 
sure of the water in the turbine 
wheel, and thus causes an in- 
creased outward flow which 



tends to increase the speed still furtner. Governing by throttling the 



discharge has the advantage that it does to 
some extent tend to counterbalance this 
action. 

* 

The fact that centrifugal force tends to 
increase the velocity of flow through the 
wheel also explains to some extent why 
the speed of the wheel is of necessity so 
high under high heads. 

The efficiency of the Fourneyron turbine 
may^ be increased by the addition of the 
diffuser, probably invented by Hoyden 
(1844). 

This consists of a fixed annular casing 
(Fig. 222), surrounding the wheel and 
fitting closely to the outer periphery of the 
moving yanes. The sides of this casing 


diverge gradually, its depth increasing from that of the buckets to about 


1 These turbines were designed by Messrs. Faesch and Piccard (1895), and work under 
132 £eet head. A full load efficiency of 82*5 per cent, is said to have been obtained. In tbii 



HYDRAULICS AND ITS APPLICATIONS 


478 

twice this, and its width being about four times that of the wheel. By this 
means, part of the kinetic energy of the discharge is converted into pres- 
surOi energy, and since the j)re8sure at the outside of the diffuser is that 
corresponding to the depth of immersion, the pressure at the inside and 
at the exit from the turbine wheel is less than this, so that the effective 
head is increased. In this manner the efficiency may be increased by 
about 6 per cent, in a well-designed turbine under moderate head, the 
proportional increase being loss as the head increases. The device is, 
however, now practically obsolete. 

The outward flow turbine suffers in efficiency from the fact that its 
passages are of necessity divergent and that flow through these divergifjg 
passages is always accompanied by loss of energy in eddy production. 
It is, moreover, an expensive machine, not easy to govern well, and has 



been generally replaced by turbines of the Francis or some other more 
modern type. 

The following results of tests on a Fourneyron turbine fitted with an 
internal cylinder gate, are given by Unwin, — 


first series of turbines the ring gates are arranged to open downwards, the idea being that it 
is safer to allow the gates to open suddenly in case of accident to the coupling rods than to 
close inddenly, because of the probable effect of water ram in the latter case. The fact that 
the lower section of both wheels ii not opened for the escape of water except at full load, and 
the possibility of a dangerous accumulation of detritus taking place in these sections, along 
with the nuisance caused by the violent upward escape of water against the turbine deck, led 
to the gates in the second series of turbines being designed to shut downwards. The gates 
we regulated by a mechanical relay governor having the gearing, which moves the giites, 
operated by clutches put in motion by changes of speed, the motion of the governor bdlls 
silowing one or another pawl to gear with a ratchet wheel, which gives motion through the 
clutches and gearing to a rack coupled to a lever on the lay shaft from which the gates are 
directly worked. 

A counterbalance weight is used to balance the weight of the gates and coupling rods. 

While these turbines h^ve given satisfactory results, the whole of the later series of 5,000 
S.P. and 10,000 H.P. turbines are of the inward radial flow type. 
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Gate opening . ^ . 

p 

T— i 

•875 

•625 

•375 

Efficiency . 

•62 

•60 

•43 

•30 


Art, 133.— The Jonval Turbine. 

By Bhortening the casing of the Borda turbine, and adding suitable guide 
vanes to direct the water under pressure into the wheel, Jonval (1848) 
devised a form of turbine 
which had maii}^ advan- 
tages over and largely dis- 
placed the Fonrneyron 
turbines then in use. In 
thii^ which is an axial flow 
turbine, water is directed 
by means of radial guides 
into a series of radial buc- 
kets (Fig. 223). Since 
each particle of water in 
its motion through the 
wheel remains at approxi- 
mately the same distance 
from the axis, the effect of 
centrifugal force on the 
flow becomes negligi- 
ble, and the difficulty in 
governing which is so pro- 
nounced in the Fourney- 
ron turbine is thus re- 
moved. 

In all axial flow tur- 
bines, however, whether 
of the pressure or impulse 
type, the linear velocity of points at the entrance to the buckets varies 
with the radius, and as the velocity of effiux from the guide passages is 
approximately uniform, there is, with radial vanes, only one particular 
radius at which the ratio between the velocities of the wheel and of 
efflux is suited to any given blade angles. For efficient working, and to 



Fia. 223. — Jonval Turbine. 
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avoid undue shock at entrance, the radial width of the buckets must then 
be small compared with the radius of the wheel, and in general should 
not exceed one-fifth of the hitter. 

Governing is usually performed by cutting off the supply to one or 
more guide passages by a circular slide (Pig. 2‘24), or by a scroll gate, 
and this greatly reduces the efficiency at jiart gate. Thus a turbine 
which has an efficiency of, say, 82 per cent, at full gate, will probably not 
exceed GO j)er cent, at half gate. 

The most important improvement in the design of the Joiival turbine 



Fig. 224. — Section through Runner and Guides of Udwnvvard Flow Jonval Tin bine. 


consisted in the subdivision of the wheel into concentric compartments, 
’each forming a complete turbine. 

Then by regulating the water supply to each compartment in turn, and, 
if necessary, completely cutting off the supply to one or more com])art- 
ments, the wheel may be utilized with fairly high efficiencies, and, by 
^applying compartments at different distances from the axis, may be 
given a constant speed under varying heads. Thus with a double turbine . 
the outer compartment, having a higher velocity, would be used with a 
minimum supply and a maximum head, while the outer and inner, com- 
partments together would be designed to give the same power with a 
reduced head and an increased supply. The vane angles should be 
different in the two compartments. 
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In j)ractice, the turbine is regulated by oi}ening the necessary number 
of guide buckets in one ciinpartmont after another, and while causing 
loss by sliock, this is probal)ly the best method of regulation. 

In the case of a Jonval turbine, built for the Zurich Waterworks, to 
work under a head which varies from 4' 9" to 10' 0", the number of com- 
partments w^as three. Tlie turluiie was designed for 90 H.P., and the 
outer compartment alone gave this power under the full head, when 
using 6,300 cubic feet per minute. The outer and middle compart- 
ments together gave 90 II.P., under a head of 7' 10", using 8,400 cubic 
feet per minute, \Nhile the three together gave 90 H.P. with a head of 
4' 9" using 10,000 cul)ic feet per minute. The speed throughout was 
25 revolutions, and official tests gave the following results : — 



Jload. 

Kfliciuucy. 

Outer com 2 )artment alone 

10' ()" 

73*71 per cent. 

Outer and middle together 

7' 0" ' 

75*39 ])er cent. 

All three compartments 

4' 9" 

80*70 per cent. 


This type of turl)ine combines the advantages of fairly high efficiency 
at part gate and of constant speed umha- variable head in a manner 
which is uiK^qualled by any but the radial inward flow or Francis turbine, 
and is therefore suitaldt*. for variable conditions of w’orking. It may be 
applied to heads from 2 f(Mit to 180 feet, and for speeds from 20 to 400 
revolutions per minute, but is more particularly fitted for low and medium 
beads with large, (puintities of water, the large area of the water passages 
enabhng it to pass large volumes of water. Since European users are in 
general compelled to take advantage of such sources of power, this largely 
accounts for the favour with which the Jonval turbine was received and 
for its large developnient in Euroj]*;. Of late years, however, it has been* 
largely displaced by the inward radial flow turbine, and is not at the 
present time manufactured to any Urge (extent. 

One of its chief disadvantages is, that with a downward flow machine 
the whole water pressure is transmitted to the stej) bearing unless pre- 
sented, by some special device. One method of doing this is to allow 
the water to flow upwards through the wheel, while in a second method 
a balance piston is fitted to the turbine shaft as shown in Fig. 226, one 
side of this piston being exposed to th^ supply pressure, and any leakage 
past it being drained to the tail-race. By suitably proportioning the 
area of this piston, it then becomes possible to balance not only the water 
pressure on the runner, but also^the weight of the rotating 2 )artB. 

H.A. 
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In either case a thrust bearing must he provided to take care of any 
unbalanced pressure. This consists either o^ an ordinary submerged 
step bearing with the shaft running in a lignum-vita^ 1)uh1i, or preferably 
of a suspension bearing placed above tail-water level. The latter method 
provides obvious advantages in the way of accessibility, ease of examina- 
tion, and freedom from grit, and enables forced lubrication to 1)0 applied. 
One type of suspension bearing is illustrated in Fig. Here the turbine 

wlieel is keyed to a hollow shaft which 
terminates at its upper end in the lantern 
A. This lantern is connected by the 
feather key J) to the steel shaft C, which 
is fitted with a lock-nut K, by which the 
vertical adjustment of the wheel may be 
altered. 

A gun -metal washer F works between 
the hardened steel discs (r and //, of which 
G is rigidly fixed to the bottom of the 
shaft (7, and H to the oil cup J, which in 
its turn is cotten'h on to the shaft K! 
This latter shaft is continued downwards 
and is firmly fixed in a cast-iron socket 
on the tail-race Hoor. The bottmn end 
of the shaft C is })revented from moving 
laterally by the gun-metal bush 0, and a 
series of radial grooves on each face of the 
washer F enable oil to reach every part of 
the bearing surfaces. 

The comparative ease of regulation 
VctuS '’y cylindrical gates, together with the 

large passage areas possible with the 
axial flow type of wheel, led to the d^.sign, for fairly large powers under 
low heads, of the cone turlune. 

Here, as indicated in the sketch (Fig. 220),**^ the flow is diagonal from 
the entrance to the exit from tiie wheel, and the turbine becomes, inter-, 
mediate between the inward radial and the axial flow type. As shown, 
the wheel may be subdivided into several complete wheels of different 
diameters, each of which may be regulated by a cylindrical gate. ^This 

^ Uy kind permission of Messrs. Gilbert Gilkes k Co., Ltd., KendaL 
* By permiBsion of Messrs. EJscher, Wyp & Cie., Zurich. 
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type, which has only been manufactured to a limited extent, is thus more 



ToTailRacc , 


Scate of Ler^ths 

FiCr. 226.—(\)ne Tiirljinc, 1,250 H.P., Head 2fi ft. to 33 ft., 120 Revolutions, 
with Water Balance Piston, 


suitable^ where a constant speed is required under a low head which may 
suffer considerable percenta^^e variation. 


Art. 134. — The Suction Tube. 

An invention of Joiival (1843) greatly increased the possibility of 
adapting the pressure turbine to suit local conditions. This consists iff 
lengthening the vertical discharge pipe until its lower end always dis* 
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charges below the surface level in the tail-race, thus forming what is 
termed a Suction or Draught tube. By this fneans the turbine may be 
placed at any level, up to about 25 feet^ above 
the tail-race without any loss of head. The truth 
of this statement may be seen if it be considered 
that since the pressure in the draught tube at 
the tail-race level is approximately equal to that 
of the atmosphere (neglecting the kinetic head 
in the tube), the pressure at the turbine will be 
less tliaii this by an amount equivalent to the 
difference of statical head at turbine and tail- 
race, so that the available head at the turbine 
is equal to the difference of level between tur- 
bine and head-race, together with the difference 
between turbine and tail-race, i.c., to the differ- 
ence between liead-race and tail-race. Expressed 
symbolically, if suffixes (1) and (2) refer respectively to turbine and tail- 
race (Pig. 227), 

fp = — {h — h)) feet. 

(Pressure -f potential) head at exit from turbine, which equals 

= - {h - hi) + h, - hi = = 0 . 



.*. Available head for driving turbine = h — feet. 

Y 

= //2 feet. 

' , In order that on starting a turbine the air may be carried out of the 
draught tube, the velocity of flow through the tube should be greater 


^ The maximum elevaiitm clopeiids largely on the diameter of the draught tube, the 
following values, atlapted from tliose given by Meissner, showing the maximum values to be 
used with a given diameter of tube. *" 


Diameter of suction tube) 
in feet ( 

1 '5 DO D.'> 2 0 

2 

:vo 

4 0 

t;o 

80 

10-0 

Alaxiraum ixissihle, elova- 1 
tion in feet . . , [ 

'Ml 20-8 1 28-0 26-1 

1 

2D8 

23*4 

2D0 

17-0 

14-a-j 

12*0 


S'l’om these viiJiies, however, sliould Iw subtracted the head corresponding to the Velocity 
1 9 

•f ftoW' v feet per second, down the tube. 
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than 2 feet per secend. Also the area of the tube at its point of con- 
nection to tlie tiirbiiK'., sjiould bo as nearly as possible equal to the 
dischai-fije area of the i-uiiiier so as to avoid loss by shock at the sudden 
chaii^^e of section. The area should then increase pjradually to the open 
end of the tube, the aii^fle of ilare not exceediii" about 15 ’ and decreasing 
as the length of tube increases. 'I'liis serves two useful purpos(is, since, 
in addition to changing part of the kinetic energy of discharge into useful 
pressure energy, it usually improves the speed regulation of the plant. 
With quick I’egulation and a sudden closing of the turbine gates, the 
momentum of the suction column may break the column and cause a 
vacuum at the turbine.^ Immediately this action is overcome, atmospheric 
l)ressure forces wat )v up the tula^ again, and this may stidke the runner 
with great force. Even a small change of load may set up such pulsa- 
tions, which ai‘e dcitriunuital to steady running and are reduced by the 
use of a conical draught tube. 

When litted to a, pressure turbine, water will, in general, enter the 
draught tube with a not inconsiderable velocity of whirl, and with a tube 
of large diameter when working at pai't gate, an air core may be formed 
in the tube wdien starting up the plant, and may exist for some consider- 
able time before being expelled. The turbine then loses the advantage 
of th(i tub(i to some (ixtent. To olniate this, gates for throttling the 
lower end of the tube have sometimes been used. While advantageous 
when starting the turbine, they are, however, not often litted on account 
(i the expense. 

The lower end of a draught tube should always be bell-inouthed to 
facilitate the escape of water. 

The draught tube is api)licable to any type of pressure turbine, but 

1 L(a the .suction tube be pamllel : I tVet lonj? ; dipping //,< feet below the surface in the 
tail-race, and suppose air leakage increaivij the pressure at the top of the tube by the 
e(pjivalent of feet of water. * 

Thus for sepal at ion due to downwanl iiiomentuni we must have 

31 — (/ — ~ ^ ^ 

32 

a ^(311 ha - ha ) — 32 feet per second per second. 

KXAMPLIi. 

Pa ~ 2 lbs. per square inch, ha - 4-(; feet, / = 28 feet, ha - 3 feet. 

32 . , 

Thus a — (37 — J’tl) — 32 = .5 f^iet per seeoTid per .seeojid. 

Tf r = 8 feet per second, .separntion would fake place if (he gates were shut in less time than 
I'd seconds. Actually since the retardation is not uniform dining a uniform closing of the 
gates, but increases to a maximuni at the instant of closing, this retardation would probably 
be attained if tlie tune of closing were less than three seconds. 
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more particularly, for mechanical reasons, to the inward flow type. It 
is not commonly used with impulse turbines, though it may be fitted if 
desired. 

The pressure turbine thus fitted possesses many advantages over the 
submerged type. The turbine is dry when the head water is cut off, 
and is easily accessible : a horizontal shaft machine may frequently be 
adopted where otherwise this would be impossible, and the general 
accessibility for examination and repairs is greatly increased, while the 
risk of damage to machinery by floods is diminished. 

With a single horizontal shaft turbine, or with two horizontal turbines 
on the same shaft if these discharge outwards, it is necessary for the 
wheel shaft to pass through the draught tube as in 
Fig. 228, and a stuffing box becomes necessary to pre- 
vent leakage of air into the tube. Tightness is com- 
monly assured by means of a water seal, consisting of 
a chamber C surrounding the shaft (Fig. 229), and sup- 
plied with pressure water from the penstock by means 
of a small pipe P. Any slackness at the gland then 

allows this pressure water to escape outwards, or into „ , 

, , , , . , m. 229.— Water Seal 

the draught tube, and does not lead to air leakage. for Draugiit Tube 

While the draught tube often discharges vertically stuffing Box. 
into the tail-race, it is advantageous to fit a right-angled bend beneath 
the water level at exit, and to discharge in the direction of flow of the tail- 
race. By so doing the kinetic energy of discharge is not entirely wasted, 
a fair proportion being utilized in producing this flow. A jflill further 
propcu’iion may be utilized if the section of the tube be gradually 
increased towards its exit. 

Art. 135.— Tfb Francis Turbine, 

The next important step in turliine development was due to J. B. Francis 
(1849), who, placing the guide vanes outside the wheel, and reversing the 
direction of flow of the Fourneyron turbine so as to discharge at the 
centre, obtained the inward radial flow turbine bearing his name 
(Fig. 280). 

Several important advantages accompanied this change in design, 

(1) The inlet ports and wheel passages now being convergent, steady 
flow became possible throughout the whpel. 

(2) The increased accessibility of the guide passages and vanes made 
it possible to use improved methods of regulating the flow of water to the 
runner. 
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1,3) Any increase in the sjieed of rotation, by increasing the centrifugal 

pressure at the outside of the whgel 
and at the outlet from the guide pas- 
sages, tends to check the liow through 
and the sui)p]y of energy to the wheel, 
which now becomes to a ccu’tiiin ex- 
tent self-regulating. 

(4) Tlie centrifugal pressure of the 
water also balances the pressure due 
to a portion- in practice generally 
about one- half of the supply liead, so 
that only omi-half of the pressure 
liead at entrance is absorbed in pro- 
ducing velocity of influx, the other 
half remaining as jiressure head and 
being gradually ahsorlHid in its pas- 
sage through the wlund. The velocity 
of inliux is thus ni^ver gn^ater than 
about -v/// h, and hydraulic friction 
losses are thereby much reduced, while 
the corresponding reduction in the 
peripheral speed of the wheel enables 
this to be applied successfully to very high heads, up to about 500 feet. 
Since the mean velocity of liov^n an inward flow turbine is less under 



FKt. 231.— Outside Kejfistcr Oate. 

a given head than in ah outwtird flow, or axial flow machine, the size ot 
wheel is greater for a given power. As the size is usually increased axially, 
|he extra cost is, however, only small. 
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(5) In this type of turbine the supply water when moving with its maxi- 
mum velocity (at entrance)js admitted to the wheel at its outer circumfer- 
ence, and consequently at its most rapidly moving part. It thus becomes 
practicable to design the guide passages and inlet vanes so that even for the 
highest heads water may he admitted to the wheel without shock, while 
since the water leaves 
at the centre, which is 
the most slowly moving 
part of the wheel, it is 
more easily discharged 
without excessive loss 
of kinetic energy. 

The wheel was im- 
])roved by constructing 
its vanes so as to give 
a. combined radial and 
' axial discharge, and to 
this end these vanes at 
exit arc given a curva- 
ture in a direction paral- 
hil to that of the disc 
(see Fig. 230). This 
hirgely increases the 
available disci iarg(^ area 
and enabkis a gniater 
volume of water to be 
handled with a givem 
size of wheel. 

Regulation is usually 
performed by throttling 
the supply of water to 
the wheel either by hH,1- 

ing cylindrical gates, register gates, or wicket gates. The cylindrical gate 
usually consists of a plain cylinder throttling the supply at the entrance to 
the wlfeel buckets (Fig. 230). In some instances these gates have been fitted 
with lingers fitting between the guide vanes, as indicated in dotted lines 
in Fig. 230, with the idea of diminishing.the contraction in section of the 
entrant stream , and th us the loss by shock at part gate. While this object is 
realized to a limited extent, yet the introduction of the lingers, as will be 
explained later (p. 525), renders close speed regulation almost impossible. 
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The register gate, which consists of a rotating cylinder gate, and of 
which two types are illustrated in Figs. 231 and 232, has the advantage 
that the travel necessary to cut off the supply is small, and therefore 
tends to more rapid regulation. On the other hand, it is very liable 
to get out of order wh(U‘e floating material in the water may jam between 
gate and guide or wheel vanes, and is less efficient than the plain cylinder 
gate at part load. In view of these disadvantages, these gates are now 
practically obsolete. The latter remark also applies to the original form 
of wicket gate, which, as its name suggests, consisted of a series of plates 

pivoted either at their ends 
or preferably at their cen- 
tres, and which throttled 
the supply by closing the 
guide passages as the plates 
were rotated. As modified 
by Professor Thomson and 
by Fink and others, the 
wicket gate, however, gives 
very close and efficienti 
regulation under widely 
varying conditions. It will 
1)0 considered in further 
detail in Art. 130, 

Where a draught tube is 
fitted, reguhition may be 
])orfonned by means of a 
biitterfiy valve placed in 
2.S3. — Francis Turbine with Cylinder Gate Regula- the tube SO as to throttle 
tion developing ;1,r, 00 II P. at 250 revs, per min. under |]|0 discharge. The draw- 
» 146 feet head. Penstock 7' 6" diam. c i i i. lu- i • i-u 4 . 

back to this system is that 
the valye is large and heavy, possesses considerable inertia, and requires 
a large force to move it, while part gdte efficiency is low. This method 
of governing has been adopted with success as regards speed regulation 
in the case of Frtincis turbines of 6,000 H.P. working under 185 feet head 
at the Shawinigan Falls.^ Here the penstocks are of considerable fength, 
and the method promised to give better results than gates on the pressure 
side of the turbine runner. 

Figs. 283 and 234 illustrate noteworthy examples of Francis turbines 
with cylinder gate regulation. . Fig. 233 shows one of a series of tufiiines 

1 For a description of the plant see Cass'iei''* Magazint^ June, 1904. 
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installed in 1900 in Power-house No. 2 of the Niagara Palls Power Com- 
pany.* These are single^ Francis turbines with vertical shaft direct- 



J^IQ. 234a.— G eneral arrangement of Double Francis Turbine developing 10,250 H.P. at 250 
revs, per min. under 133 feet head. Canadian Niagara Power Co. 

coupled to a dynamo, and developing 5,550 H.P. at 250 revolutions per 
minute under a head of 146 feet. The turbine runner is 5' 3" outside 

* By Messrs. Eischer, Wyss & Cie,, Zurich. 
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diameter, and regulation is performed by an annular bronze ring operated 
by an oil pressure relay governor (see Art. 1^9), and arranged so as to 
elose Iby its own weight. 

Power is transmitted through a tubular steel shaft 88 inches in diameter, 
the weight of this shaft, which is 120 feet long and weighs 71 tons, being 
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Scale of Lengths. 

Fig. 234b.— S ectional Elevation of Double Francis Turbine for 10,2r)0 IT.F. Canadian 
Niagara I’ower Co. 

• 

balanced by the upward pressure on the balance piston P, which i^ 4' 5" ^ 
iianieter. The under side of this piston is exposed to the full supply 
bead by means of a pipe not shown in the sketch, and any leakage past, 
:he piston escapes directly into the tail-race. Any unbalanced end thrust 
)n the shaft is taken up by means of a thrust bearing on the top dfeck. 
The draught tube is forked to keep the tail-race free, and is arranged so 
iB to give 22 feet of suction head. 


FRANCIS 'TURBINE 


Figs. 234' A, B, c, D and e, illustrate one of a series of double Francis 
turbines installed (1903) in the power-house of the Canadian Niagara^ 
Power Company. These are vertical shaft machines, each direct-coupled 
to a generator and developing 10,250 H.P. at 250 revolutions under a 
head of 133 feet. 

Power is transmitted through a tubular steel shaft 40 inches diameter 
and *582 inch thick. The weight of the rotating parts is about 120 tons 



Chamber 


Scale of Lengths. 

Fig. 2H4c. — S ection through Lower llunncr anU linlance Chamber of 10,250 IT.?. Turbine. 


and is balanced, partly by the upward pressure on the bottom face of the 
lower runner, water under the ftill pressure of the supply head being 
admitted to a balance cbtiiiiber (Fig. 234c), beneath this runner, and 
partly by the upward pressure ^)n the rotating balancing piston P 
(Fig. 234b), which is mounted on the turbine shaft, and which is 
exposed ovei' its under side to the full pressure of the supply head. 
Leak?lge past this piston is drained away to the tail-race, and by adjusting 
the valve on the pipe S which supplies pressure water, the upward pressure 
on the piston may be regulated with great nicety. Any unbalanced load 
is supported by the suspension bearing (Fig. 284t)), which is placed on 
the upper deck. In this bearing, oil under a i^ressure of 375 lbs. per 


By coiiTlesy of Messrs. Escher, Wyss & Cie. 
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square inch is supplied to the annular chamber C surrounding tbe 
^bush By and escapes outwards between the fix^ and rotating discs at 7). 

* These discs have an outside diameter 

of 36 inches and a bearing area of 
about 7fi0 square inches, the upper 
thus floating on a film of oil and 
giving a very frictionlcss bearing. 
The hollowed screwed spindle S is 
14" outside and 8|" inside diameter, 
and is provided with two locknuts 
at N, by means of which the turbine 
shaft may bo adjusted vertically. 
Any slight swing or lateral wear of 
the shaft is permitted by the spheri- 
cal bearing surface of the lower 
disc. 

Speed regulation is performed by 
a centrifugal governor (Fig. 234e), 
operating a regulating valve which 
regulates the supply of oil (main- 
tained at a pressure of 1,120 lbs. per 
square inch) to the upper side of a 
relay cylinder C, the downward pres- 
sure on this piston overbalancing 
the weight of the gate mechanism 
and thus operating the cylindrical 
speed gates. Adjustment of the 
speed while the turbines are running 
m»y be performed by the hand regu- 
lating wheel II. 

.The turbine runners have a di- 
ameter of 64 inches and a blade 
depth of 11*8 inches, -while each 
carries twenty-one vanes. # The 
guide vanes are twenty-two in num- 
ber. The tail-race which takes the 
discharge from the whole battery 
of turbines is 2,590 feet in length, 
and has a gradient of 7 in 100, being designed to discharge, at full Idad, 
#,800 cubic feet of water per second. As .the sectional area of the tail- . 



Scale oF Lengths. 

FlO. 234 d. -Main Footstep Hearing for 
10,250 H.P. Turbine. 
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race tunnel is 3fif) square feet, this gives a velocity of efflux of 24 feet per 
second. - 

With the Francis turbine and cylindrical gale n^gulation, the full-load 
efficiency may be as high as 88 per cent., but this efficiency falls rather 



rapidly as the gate opening is diminished, and does not in general 
exceed 75 per cent, at half gate. Two Francis turbines installed at 
Schaffhausen in an open water chamber, and developing at full load 
434 H.P. at 169 revolutions and under 13-6 feet head, gave the following 
efficiencies 
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Gate opening 


i 

• 

Full. 

Efficiency . . • . 

ri% 

82-C % 

86*6 % 


Where an ample water supply is available this falling off in efficiency is 
unimportant, and as this turbine admits of a simi 3 le and fairly cheap 
construction, and is capable of close speed regulation, it often forms the 
most suitable type to use. Whore, however, high part-gate efficiency is 
more important than low first cost, one form or other of the turbine 
invented by Professor James Thomson becomes advisable. 

Aut. 136. -- The Thomson Voktex Turbine (Fig. 235).* 

The special features of this turbine, which is an inward radial flow 
machine, consists in the form of chamber in which the runner is mounted, 
called the vortex chamber, and in the type of guide vane adopted. The 
runner, which is similar to that of the Francis turbine, is mounted inside 
a spiral casing. Water enters tangentially at the largest part of the spiral 
(as shown in Fig. 286), and sweeps around the casing, the area of which j 
is so arranged that the linear velocity of the supply water is the same at 
all points of the circumference. A common, but less correct type of con- 
struction, is that indicated in Figs. 235 and 237, in which the water enters 
the casing radially and divides into two streams flowing along either side 
of the wheel. In either case th^ entering water is directed into the wheel 
buckets by a series of guide valfes placed around the outer circumference, 
bhese being designed so as to follow, the lines of flow in a spiral vortex. 
These guides vary in number from four to eight and are movable, being 
piy^ed near their inner ends, so as to be approximately in balance. They 
»re coupled together by a aeries of belFcraiik levels and links as indi- 
oated in Fig. 236,^ so as to rotate together and shut off water equally from 
ill parts of the wheel. Motion is given to these guide vanes either by 
hand or by an automatic governor. Where the load and the supply head 
ire constant the guide blades may be fixed, the ports then being 
iesigned so as to give the full-power flow. This gives a much cheaper 
machine, and where a battery of turbines is in use, it is in general prefer- 
ible to give fixed blades to all but one or two, regulation for small load 
^rariations being performed by those machines having movable guides, 
and for large variations by cutting out one or more of the machines with 
fixed guides. 

‘ By courtesy of Messrs. G. Gilkes & Co., Ltd., Kendal. 

* By courtesy of the Platt Iron Works, Dayton, Ohio. 
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This turbine may be constructed either as a double or single vortex 
wheel. In the double whegl a series of vanes is fixed on either side of the. 
runner disc, which is keyed to the turbine sh^ft. Discharge takes place 



FT(i. 2H5.-™Thomson Vertex Turbine. 


radially at the centre, and the water is then diverted axially through two 
discharge pipes, or draught tubes, placed, one on each side of the wheel. 
This gives a wheel which is perfectly in balance as regards end thrust. To 
facilitate the discharge, the wheel vanes are usually curved at their outlet 
edges so as to direct the discharge water in the direction of the axis, 

H.A. 
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while for the same reason only alternate wheel vanes are carried to the 
centre. Tliis has the further advantaj^o of reducing friction losses. This 



double vaned wheel with pivoted guide vanes is very suitable for medium 
and fairly high falls where the load is very variable, and where an 
economical use of the supply water at all loads is essential. The fullUoad 
efficiency is high, up to 87 per cent, under favourable conditions, while 
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fche part-load etticioncy in also high, half-load efficiencies of as much as 
82 per cent, being on record. The turbine may be constructed with either 
horizontal or vertical shaft, mechanical considerations rendering the 
former construction preferable. 

In the single vaned wheel the vanes are fixed on one side of the rotat- 
ing disc, and discharge takes place on one side only. The disc is there- . 
fore subject to end thrust, which must either be hydraulically balanced or 
taken up by means of a suitable thrust bearing. This disadvantage, 
which is common to all single discharge pressure turbines, may be over- 



Fio. 237.- 'Arrangement of Vortex Tu-’oine with Horizontal Shaft and Draught Tube. 


come by mounting a pair of similar wheels on the same shaft, the flow 
being in opposite directions through the two wheels. The two end thrusts 
thus balance each other, while the arrangement has the further advantage 
for electric driving, that with a given head, since two smaller wheels are 
used instead by a single larger one, and’ since the peripheral speed of the 
wheel depends solely on the head, the speed of rotation is higher with the 
twin wheel. The single vaned wheel with vertical shaft is well fitted for 
low or medium falls and where the quantity of water available is large 
and the head is variable. Its efficiency is practically the same as that, of 
the double wheel. 
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The method of regulation by pivoted guides has many advantages. Of 
these the following are the more important : — ^ 

(1) At all gates the guide passages are of a gradually convergent form 
ind offer easy curves to the supply water. 

(2) Water is admitted (with the spiral casing) evenly all around the 
3ircumference. 

(3) The guide vanes are easily moved, and an easy and rapid regulation 
)f speed under sudden load variations is possible (specially important in 
dectric driving). 

(4) The guides may be arranged to give a small difference in the inclina- 
;ion of the stream entering the wheel buckets, together with a large 
iifference in flow, and therefore to give a constant speed with a constant 
lead and under a variable load, or may be so arranged as to give a greater 
5hange in inclination of the guides with a medium change in the flow, 
ind thus to give a fairly constant speed under a variable head and variable 
oad. 

(6) The efficiency at part gate is high. The following test results have 
)een chosen as showing how the efficiency varies with gate opening in 
;his type of machine. 


(ay 4fV' diameter, single wheel. 
.28i' head, 1,000 Jl.P., at 286 
revolutions. 

Gate opening 

•2 

'4 

•^5 i 

•8 

•9 

Efficiency . 

70-9 

77-4 

78-4 

7H-4 

78-3 

H.P 

209 

469 

712 

950 

1,066 


Quantyiy of water, 
cubic feet per minute . 

78H-3 

1,61.5 

2,124 

3,19.5 

3,600 



H.P. 

Head feet. 

Revolutions. 

Efficiency. 




f 

i gate 

86’0 

( 6 )* 

200 

’ 21-8 

136 

i M 

86-2 


j 


• 

full „ 

86-4 





4 gate 

&-0 

(cf 

1,050 

822 

'500 

i 

85-0 




i 

full „ 

79*0 

i 


1 By the Platt Iron Works, Dayton, Ohio, at the Quebec Railway Light and Power 
lompany’s Plant, Montmorency, Quebec. 

•5By Messrs. Escher, Wyss & Cie., at Paper Mill, Zurich. 

^ By Messrs. Escher, Wyss & Cie., at Keutte, Austria. 
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Strictily speaking, the spiral casing forms an essential part of the 
Thomson wheel, though this may be replaced by an ordinary cylindrical 
casing (Fig. 287), or the turbine be submerged in the open penstock with 
free approach from all sides (Fig. 288), without seriously affecting the 
efficiency. 

Where, however, it is required to take off power below head-water level 
a casing is essential, while in any case it is advisable for heads exceed- 
ing 10 feet. For medium falls above 10 feet, the horizontal shaft machine 
is, in general, to be preferred. 

As modified by Fink and others, the pivoted guide vane devised by 
Thomson is largely fitted to modern turbines of the Francis type, these 



Fig. 2.JS. Annnf'cmi.'nt of Vertical Shaft Single Vortex or Combined Flow Turbine 
working under I.ow Head in Open Forebay. 

turbines only differing from the former type in that the guide vanes are 
shorter, while their number is increased until approximately equal to the 
number of wheel vanes. , 

The machine as thus constructed is Itetter fitted for dealing with large 
volumes of water, and may be taken as being at present the most perfect 
type of pressure turbine. . 

Figs. 239 A, B, c, 1 ), B,^ illustrate with some detail what is one of the 
largest single wheel turbines of this type yet built. This wheel, which 
has inward radial flow and combined^ radial and axial discharge, is 
designed to give 10,000 B.H.r. at 800 revolutions per minute, under an 

1 At Snoqualmie Falls; rcprcxluced by courtesy of the makers, the Platt Iron Workf'i 
Payton, Ohio, 
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effective head of 260 feet. The runner is mounted in a spiral casing and is 
66 inches outside diameter and indies wide'throngh the vanes, which 
are thirty-four in number. 'The guide vanes, thirty-two in number, are 



Fw. 239a.- Front Elevation of Sin^c Wheel Horizontal Shaft Francis Turbine for 
' Snoriualmie Falls, developing at 300 reys. per min. under 200 ft. hea'd. 


)f the pivoted type and are connechid by means of arms projecting^ 
radially inward, as shown in Fig. 239 ji, to a movable ring concentric with 
the turbine shaft. This ring is rotabul by means of a pinion actuated by 
she governor, which gears into a rack mounted at the extremity'^ of a 
reeling lever. This lever transinits its paotion to the ring by means of 
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two links coupled to the ring by pins set at 180°. To prevent end thrust 
on the guide spindles due to leakage of pressure water behind these, 



Fig. 239b. — Hear Elevation of Francis Turbine for Snoqualmie Falls. 

s 

drainage passages are arranged to carry away any such water into the 
space behind the wheel. 

In order to tie the two sides of the liousing together, a series of tie 
diaphragms are provided outside the swivel guides and are so formed as 
to act as preliminary guides. The turbine proper lias only one bearing, 
the direct-coupled generator having two bearings, making the whole unit^ 
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a three-bearing machine. The turbine runner is a steel casting whose 
radial depth is very slightly greater than the vanes, the shaft being 
enlarged into a disc of sufficient diameter to permit of bolting the vane 
ring directly to it. The vanes are finished smooth by filing. 

Owing to the large diameter of the wheel and the high statical pressure ' 
at entrance, special means were necessary to balance the considerable end 



f’lo. 2390.— Cross Section and End Elevation of Turbine for Rnoqualmic Falls. 


thrust on the shaft. Owing to the leakage of pressure water into the 
space behind the wheel, the rear face is subject to a pressure substantially 
equal to that at entrance, while^the front face is subject to a pi;essure» 
varying from that at entrance to that in the draught ' tube. This 
produces a large excess of pressure towards the draught tube, and although 
the axial discharge, by producing a change of momentum in an '&xial 
direction, calls for a reaction on the wheel in the opposite direction, 
yet the effect of this. is small in comparison with that previbusly, 
considered. 
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The greater part of the pressure thrust is eliminated by venting the 
space behind the wheel into the draught tube through six holes in the 
wheel disc, while a series of radial vanes c^st on the back head of the 
wheel casing and almost touching the wheel prevent the formation of a 
forced vortex behind the wheel. The increase in pressure outwards, due 



Fir;. 239l>. — Longitudiiial Section of Single AVlicel .TTorizontal Shaft Francis Turbine 
developing 10,000 IT.P. at 800 ll.r.M. under 2G0 ft. effective hesui. Outer diameter of 
runner 66 ins. 


* ^ 

to centrifugal action, is thus prevented to a large extent, and the mean 

pressure reduced. There is, however, a resultant thrust towards the 
draught tube, which increases with the gate opening, and a closer balance 
is obtained by means of a balancing piston behind the back head of the 
wheel casing. This is a forged enlargement of the shaft, 17 inches in 
diameter, and works in a water-pack(?d brass sleeve as shown in Pig. 289d. 
The chamber in front of the piston is supplied with pressure watet. 
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from the supply pipe through a strainer, while the space behind the 
piston is drained into the draught tube. A constant thrust towards the 
left is thus produced, and sipce there is a small leakage past the piston 
this thrust may be very accurately adjusted to suit the conditions of 
running, by adjustment of the supply valve. Any remaining thrust due 



Details of Oat^ Connections. 

Fig. 239 e.— Details of Turbine for Snoqualniic Falls. 


to change of load is taken up by a collar thrust bearing situated behind 
the balance piston. An adjustment of the balance piston supply valve to 
pve balance at f full load renders the thrust bearing liable to a jwssible 
thrust of about 25,000 lbs. at maximum, or very low loads. The collars, 
four in number and of IdJ inches mean diameter, have a total bearing 
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supply pipe is 5 feet 3 inches and the discharge 5 feet 6 inches 
diameter. A test of this \^heel when driving 10,000 H.P. is stated tOi 
have given 84 per cent, efficiency, though the figure is subject to the 
inaccuracy of the method used for measuring the water consumption. 
This was deduced from the fall in pressure across the head gate, whose 
opening was accurately known. 

A number of test results of typical modern Francis turbines are given 
in the table opposite,^ the general arrangement of each turbine being 
shown in Fig. 240. 

Art. 137.- - Compound Turbines. 

One possible method of getting over the difficulty of adapting pressure 
turbines of small power to very high heads consists in compounding two 



A tooo 1500 2000 2500 3000 3500 4000 4500 5000 

Revs per Minute. 

Fio. 241. — Rfficiency Curves for Single^and for Quadruple Compound Turbine. 

or more runnere in series on the same shaft, the fall in pressure and th€ 
work done then taking place in stages. A.^ will be shown later, the peri- 
pheral speed of a pressure turbine for maximum efficiency is proportional 
to s/ Hf where H is the working head, so that by doubling the number oi 
runners the rotative speed is reduced in the ratio 1 : i,J~2 = *707. 

This reduction in speed has the effect of reducing disc friction, and the 

* By Professor h\ Prazil, “Proc. lust, Mech. Engiueers,” 1910-11. 
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hydraulic resistances in each chaml)er will he less than in the single 
chamber of the larger wheel. 

Since, however, these losses are duplicated in each successive chamber, 
and since in addition there is a loss of head due to the resistance of the 
connecting passages, it is not to be expected that the efficiency of the 
compound will be so high as that of the single chamber turbine. 

Experiments carried out by the author on a small inward radial flow 



Fig. 242.— General Arrangement of Twin Mixeil-Flow Turbine with Horizontal Shaft. 

and axial discharge turbine fitted with four similar runner^ in series, and 
which could also be worked as a single turbine, showed that for this machine 
at all events this conclusion is correct. Fig. 241 shows the efficiency curves* 
obtained from the two turbines ; A when working with a single runner ; 
B with four runners in series, under approximately the same head.^- 
* Here the outer diameter of the runner = 8*36 inches. 

" ’ „ inner „.(meari) „ „ = 1*675 „ 

.Vanes radial at inlet. Head = (approx.) 85 feet. 




k}lEmCk^ TURBINE «1 

Art. 138. — The ** American ” Type or “ Mixed Flow ” Turbine. 
While the improved Francis or Thomson turbine is undoubtedly the 



FlO. 34.^.— Section through Guides and Runners of Victor Mixed-Flow Turbine with Oylinder 
Gate ; 179 H.P. at 664 revs, under CO ft. head. 

most efficient and offers advantages in respect of ease of regulation and 
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high part-gate efficiency which are unequalled by any other type, the 
high first cost prohibits its use in many instances. The demand, particu- 
larly in the United States, ^for a turbine suitable for low and medium 
falls, which must above all things be cheap, and in which the efficiency 
need not necessarily be very high, has led to the development of a type 
of machine which, although for many years confined to the United States, 
is at present being manufactured in some numbers in Great Britain and 
to a less extent on the Continent, The Hercules and Victor low-pressure 
turbines may be taken as representative of this class. 

These machines, which are almost invariably fitted with fixed guide 



Kiu, 214.— Uunner for 15 ia. Mi.xeil-Mow Victor Tijil>ine. 


'' 

vanes and regulated by means of the cylindrical gate or ring sluice, have 
inward radial flow as in the Francis tutbine. After the inlet the wheel 
buckets are curved both laterally and vertically, the water in its 
passage through the wheel tracing out •a path which is approximately a 
quadrant of a circle, and being finally discharged partly in an axial and 
partly in an outward radial direction. 

Fig. 242 show^s the general arrangement of an enclosed doubled hori- 
zontal shaft turbine of this type, while Figs. 243 and 244 show details of 
the guide vanes and runner of a Victor turbine,^ as designed to develop 
180 H.P. when running at 665 revolutions per minute under a head of 
5p^|eet. The vanes at the outlet are spoon-shaped. By this type of 

» By coartesy of the maters, the Platt Iron Works, Dayton, Ohio. 
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construction an extremely large discharge area is ensured, while by 
making the wheel deep at ip let, 


the inlet area is corresponding- 
ly increased. The wheel thus 
becomes of very .compact con- 
struction and is capable of deal- 
ing with a large volume of 
water, but has the grave defect 
that in virtue of this great 
depth its efficiency at part gate 
is comparatively low. 

In the turbine illustrated, 
the wheel diameter is 15 inches 
and the depth inches at 
entrance, while at exit the di- 
ameter is 18^ inches, the over- 
all depth of the vanes being 
14i inches. The guide vanes, 
twenty-seven in number, are 
fixed, and give a mean inlet 
angle of about 20°. The whe(d 
vanes, nineteen in number, are 
flat at entrance, and are in- 
clined forwards towards the 
direction of rotation, making 
an angle of about 110° with 
the tangent to the inlet 
circle. 

The vane angle at exit varies 
from 12° to 20°, the minimum 
value being that allecting the 
radial outward discharge. As 
may be readily understood, the 
difficulty of designing these 
exit e^ges so as to give the 
correct inclination at each ra- 
dius is almost insuperable, and 
experiment proves the only 



Fl«' 245.— -‘New American'’ Turbine. 


safe guide as to the precise curvature to give to the vanes. Governing is 
performed by means of a cylinder gate set between guide vanes and wheet 
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sliding axially and receiving its motion from two draw-bars which carry 



bhe guide vanes and runnt* 


L60 H.P. when running at 


racks gearing with pinions which 
are actuated either by an auto- 
matic governor or by hand (Figs. 
228 and 242). 

As thus constructed the tur- 
bine is capable of a full-load effi- 
ciency of about 82 per cent., fall- 
ing to about 65 per cent, at half 
gate. 

In the Hercules turbine the 
wheel vanes are provided with a 
series of horizontal wings or pro- 
jections, which to some extent 
serve the purpose of separate com- 
partments in confining the effect 
of throttling to one portion of the 
wheel and thus increasing 4he 
part-gate efficiency, at the ex-» 
pctise, however, of that at fuil 
gate. 

Fig. 245 shows the general 
arrangement of a vertical New 
American turbine, in which the 
admission of water is controlled 
by the wicket gates G. These 
are operated through a ring, 
which is moved by a link con- 
' nected with the governor through 
'the shaft S. 

Fig. 246 illustrates the Sam- 
son-Leffel turbine, which com- 
bines a radial inflow runner of 
the Francis type with an inward 
radial admission and axial dis- 
charge runner of the typical 
American type of turbine, ^ere 
again the gates are of the wicket 


50'leet. The vanes at the oui7overnor through the pinion P and Spared 


By courtesy of the makers, tho _ 
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If Specially designed for the particular head, flow, and speed of rotation, 
this class of wheel is well <idapted for moderate powers and for medium 
heads up to about 85 feet whore the head is fairly constant, and where 
part-gate efficiency is unimportant as compared with low first cost. The 
general practice of manufacturing it in stock sizes, and of supplying that 
size which most nearly meets the requirements of the purchaser instead 
of designing the machine to suit its location, together with the fact that 
such American machinery has in the past been characterized by a 
flinisiness of construction unusual in English and Continental practice, 
has, however, had the effect of discrediting this class of turbine among 
European engineers to an extent greater than its inherent disadvantages 
deserve. Evolution in this type of machine would appear to be tending 
in the direction of fewer and deeper buckets with wider openings to avoid 
obstruction. 

Art. 131).~-Governino of Turbine Plants. 

The diffiiMilties in the way of the cflicient speed regulation of a water 
wheel or turbine are many and peculiar to this form of motor, and the 
problem is much more complicated than in the case of a steam engine or 
turbine. In either type of motor, when running at a uniform speed there 
is an exact balance between the energy given up by the motive fluid per 
unit time in its passage through the motor and the energy absorbed in 
useful work and in overcoming friction. If more load is thrown on, in 
either case the speed diminishes until the work done against th^increased 
resistance is again equal to the energy given up by the fluid. 

In the case of a steam engine or turbine, directly the speed diminishes 
the governor alters the admission valves, admits more steam to the 
cylinders, and in a very short interval of time an exact balance is again 
set up between the supply of aii^l the demand for energy, so that the ^ 
engine again runs at a uniform, though slightly lower, speed. The 
admission valves being light and ejisily moved, the governor itself is in 
general quite capable of adjusting these rapidly and accurately, while, 
since the steam is an elastic fluid and in a state of high compression, any 
slight opening of the valves is accompanied by an instantaneous rush of 
steam at high velocity. 

Also, since the amount of available energy per pound of high pressure 
steam is very great, the mass and inertia'll the column of motive fluid are 
comparatively small, so that its velocity may be rapidly changed without ' 
any appreciable change in the pressure in the steam chest. Thus, in an 
efficiently governed steam engine, fitted with a flywheel of fair size, it is. 
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possible to throw the whole external load off with an instantaneous 
increase in speed not exceeding 2 per cent, of tke normal and with a final 
increase of less than 1 per cent., the time to attain this normal spaed not 
exceeding 5 seconds. This, then, is the ideal to be aimed at in the 
governing of a water-power plaiit, and while sucli close regulation as this 
is practically impossible, an examination of the special difficulties to be 
overcome in this case will indicate in what direction their most satisfactory 
solution is to be found. 

In the first place, the motive fluid (water) is almost incompressible, 



Fig. 247.— Governor with Meehanieal lielay as fitted to Girard Turbine. 

f 

and contains a much smaller store of ^nergy per unit weight than in the 
case of steam, so that a similar demand for energy must be followed by a 
largely increased mass flow. The only force available to give the water 
this increased velocity is that of gravity, and it follows that even in the 
most favourable circumstances, i.e., when the turbine is set directly in an 
open forehay of ample dimensions, this velocity cannot exceed that due 
to the supply head. Where the turbine is supplied through a long- pipe 
line of small slope the state of affairs is much worse, since the forCe of 
gravity has now not only to produce increased mass flow and hence to 
give increased kinetic energy to the moving column of water, but hag 





EEGULATION OF TURBINES 


617 


also to overcome the pipe resistance, with the result that the possible 
acceleration of the Hupi)ly*columii is reduced. 

Next consider the action of ‘the governorv In reply to a demand for 
energy, denoted by a reduction in the speed of rotation, the governor 
attempts to open the turbine gates. These may he very massive, possess-^ 
iiig considerable inertia, and may in additioti, through working submerged 
in water containing solid matter in suspension, offer considerable frictional 
resistance to rotation. 

The governor itself is thus quite incapable of giving the required motion, 
and some form of relay becomes necessary. A device which was often 
adopted in the earlier days, but which is now practically obsolete, con- 
sisted in a system of fast and loose pulleys, mounted on one shaft and 
driven from a countershaft by means of two belts, one optui and the other 
crossed. 

The position of these bolts, one of which is always riding on the loose 
pulley, is regulated by the governor, and as in consequence the open or 
crossed belt comes to ride on one of the fixed pulleys, the direction of 
rotation of this shaft clianges. Its rotation causes the turbine gates to 
open or Close and thus regulates the speed of tlie wheel. 

Two types of a more modern mechanical relay device are shown in 
Figs. ‘228 and ‘247. In the latter,^ a double ratclict is worked by a link, 
as sliown, from a lay shaft belt-driven from the turbine shaft. A ratchet 
wheel, which is mounted on a second lay shaft by which the turbine gate 
is directly operated, is wholly or partially masked by a plate wht^se jwsition 
depends on the height of the governor. Thus, under normal conditions 
of working, the plate covers the wheel so as to put both pawls out of gear. 
Any increase in speed tluui raises the governor, rotates the guard plate, 
and allows one pawl to gear with the ratchet wheel, rotating the lay shaft 
and closing the turbine gates. A decrease in speed causes the second' 
pawl to be put into gear, and thus produces an opposite rotation of the 
lay shaft and an opening of the gQ;tes. 

With any such type of mechanical device, however, some considerable 
time is required to open a sluice gate, and while for such a purpose 
as drjviiig textile machinery, where t|^e changes of load are relatively 
small, this type fulfils the requirements, yet for electric driving for 
lighting and power transmission, where a constant speed is required with 
very large and sudden variations in load, the mechanical relay, except 
in combination with a large and costly flywheel, is unsatisfactory. 

In such a case the hydraulic relay provides the only satisfactory 

» By courtesy of Messi^. Gilbert Gilkog & Co., Ltd., Kendal. 



618 HYDRAULICS AND ITS APPLICATIONS 

solution. Here the centrifugal governor operates a regulating valve 
which admits either water or oil under pressure to one side or other of a 
piston in a relay cylinder, this piston being connected with and operating 
the turbine gate mechanism. 

Types of this relay mechanism are illustrated in Figs. 201 to 205, 284 b, 
236, 289a, 248 and 249. 

Even with this relay accurate speed regulation under difficult circum- 
stances cannot he obtained without the provision of what is termed a 



Fig. 248.— Thomson Vortex Turbine fitted with Hydraulic ileJay Governor, 
Compensating Device, and Autoinatu' Pressure Ilegulat.()r. 


relay return or compensating device. The reason for this is evident if we 
consider that as the speed falls, the gates are opened and the supply 
cjolumn is accelerated, this openipg going on until the supply of energy , 
per unit time is equal to the demand. But the acceleration of the water- 
(jolumn goes on for an appreciable time after the gate opening has ceased^ 
and in consequence the supply now becomes too great for the require- 
ments of the wheel, the speed rises, and the governor commences ta qlose 
the gates. This suddenly checks the motion of the sujqily column, ahd in , 
rirfcue of its inertia produces an increased pressure at the valve 
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a temporarily increased velocity of flow through the gates. The speed c 
the wheel thus increases •still further, and the gates are closed until ai 



Fin. 249.— Tlydraulio Relay and Compensating Device. 


instantaneous balance is set up between supply and demand. As the 
inertia pressure falls the supply now becomes less than the demand, 
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! q)eed falls, the gates commence to reopen, and the state of hunting, which 
is here outlined, may not die out for some considerable time. To prevent 
this some form of relay rerfcurn device should be fitted, this being so 
arranged that all parts of the governor connections, including the 
regulating valve, return to a normal mid position as soon as the action of 
the governor ceases. This tends to prevent over-regulation and hunting. 
Where, in the case of a long penstock, the quick closing of the turbine 
gates may lead to excessive water hammer, a pressure regulator should 
also be fitted, this consisting of an automatic relief valve which is thrown 
open by the closing of the turbine gates, and which is then slowly 
returned to its seat. One such pressure regulator is shown in Fig. 204, 
while a second type, as described on p. 451, is shown applied at P to a 
Thomson vortex turbine in Fig. 248. 

Types of relay return devices are shown in Figs. 202 and 206, and 
a further type, similar in general principle to those fitted to the Niagara 
turbines (Art. 1B5), is illustrated in Fig. 249. Here a force of 50 tons 
is available on the nilay piston for operating the governing mechanism 
and gates. Hunting is prevented by the wedge IF, which, as the pistoh 
moves out, lowers the fulcrum of the governor lever, and thus closes the 
relay valve until a fresh movement of the governor reopens it. 

Two other devices which also give considerable assistance in special 
cases are the stand pipe and the relief valve. 

The stand pipe (Art. 152) consists of a vertical open pipe, its lower end 
being connected to the penstdfl; near to its connection with the turbines, 
and of such a height that when exposed to the statical head in the supply 
reservoir the water level is withifi a short distance of the top. Any 
i^rease in pressure at the turbine, due to a sudden closing of the gates, 
then produces a flow up tlic stand pip€sthe water escaping at the top, and 
'the maximum possible pressure in the penstock becomes that due to the 
statical head in the supply reservoir together with that necessary to 
produce flow up the stand pipe. Obviously the stand pipe cannot be 
applied where the supply head is very great, although in one modern 
plant ^ such an open pipe 285 feet in height has been fitted. * 

/; A sudden demand for power also responded to more easily where a 
*fltand pipe is provided, the level in the pipe falling, and energy thus being 
' Supplied to the wheel while the supply column is being accelerated (Art. 152). 

The relief valve, as its name implies, consists simply of a valve {)laced 
:on the penstock near to the turbine casing and arranged so as to open 
Sutwards. This is adjusted so as to open directly the pressure exceeds 

At the St Couis Hydro-Electric Plant. Set, The Engineer, February 15. l‘J07. 
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the normal by a few pounds per square inch, and its area should be such 
that, if the gates are closed* suddenly due to a throwing-off of the entire 
load, it is capable of taking the whole discharge. If /I be the ininimum 
total cross sectional area of the guide passages when these are wide open, 



in order to allow for exceptional circumstances the total relief valve area 
should not be less than *7 A. 

The ordinary spring-loaded relief valve is not usually very successful on , 
a large plant, one or other type of hydraulically operated valve being 
commonly fitted. Such a one is the Lombard valve, illustrated diagram- 
matically in Fig. 250. Here P is the penstock, with its relief valve F, 
which is held up to its seat by the water pressure on the piston P. Th#^ 
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space behind this piston is connected through the pipe A to the waste 
valve B. This is a balanced valve held closed by means of the spring S 
against the pressure of the^penstock water which acts through the pipe C 
on the piston 7>. When the pressure in the penstock becomes greater 
than norjiial the wast(^ valve B is forced open, allowing water to escape 
and relieving the pressure behind the piston B. The relief valve V then 
opens, relieving the pressure in the main. When this pressure falls 
below normal the valve B again closes, mid the pressure behind the 
piston P gradually increases to that in the penstock, and again closes the 
valve V. The rate of closing can be regulated to prevent surging by 
suitable adjustment of the throttle valve E on the connecting pipe F. 

Special consideration of the circumstances of each installation is 
necessary to determine wliich of these regulating devices is likely to give 
the best r(^sults. 

Dealing firstly with pressure turbines, tbe easiest typo of plant to 
govern is one in which the turbine is placed in a forebay of ample 
dimensions fed directly from the supply canal (Fig. 288). Here a demand 
for power is instantly met by an increased flow, at the velocity corre- 
sponding to the supply head, while, when the gates are closed, inertia 
effects are unimportant. Under these circumstances the speed may be 
regulated with great nicety, and in general the more nearly the arrange- 
ment of any power pLwit approximates to this the easier does it 
become to get good regulation. Doth head and tail-race should be of 
ample siz§, so that any fluctuition in flow may not cause an appreciable 
difference in either level, while all approach channels and passages should 
have easy curves and well-finished surfaces so that the production of any 
periodic wave motion may be prevented. 

^Wherever possible the use of a long penstock should lie avoided, and 
the water brought as near as possibl/^ to its work in an open channel 
of ample area, for it may be laid down as a general principle that the 
easiest plants to goveim are those in, which the slope from open head- 
water to open tail-water is as steep as possible, and in which the ratio 
of kinetic energy to total energy is as small as possible. 

A few specific types of plant wpl now be considered in more detail, with 
respect to their possibilities in the way of speed regulation. 

(a) Turbine fed by a Suyply Pipe which is almost verticalf i.e., wilh a 
slope of or over. 

" Her« a demand for energy on an increasing load receives an imifiediata{ 
response, and speed regulation in this direction, with a supply pipe 
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ample area, is comparatively easy. The increase of pressure caused by 
closing the gates on a diiniiiishing load must, however, be guarded against 
by the provision of a stand pipe, pressure regi^lator, or relief valve. 

(h) Turbine fed by a Supply Pipe 7vhich in of comiderabP leuyth or of 
ditjht indinaiioH, 

Here regulation on a diminishing load is easy, the inertia effect on 
closing the gates being taken care of as in the previous case. Where the ■ 
statical head is not very great a stand pipe is preferable, since on an 
increasing load this responds more quickly to an increased demand 
for energy. 

Where the head is so great as to preclude the possibility of a stand 
pipe, and where the pipe line is very long, the response to such a demand 
is slow, this type of plant providing one of the most difficult problems in 
governing. In such a situation, indeed, the only motor to give satis - 
fact )ry results is the Pelton wheel fitted with combined hand regulation 
and diiflecting nozzle, and with relief valve or pressure regulator. 

(c) Turbine fed by a long Horizontal Pipe. 

(1) Turbine discharging directly into Tail-race without Draught Tube.— 
As in the previous cases, the difficulty in governing occurs on an 
increasing load, and may be met by the provision of a stand pipe near 
the turbine. The efficiency of this stand pipe becomes greater as its 
area, and in consequence the reserve of pressure water, is increased. In 
the limit the stand pipe becomes an open forebay in which the turbine 
works with free access, or to which it is connected by short pipes of ^ 
ample area. With this arrangement governing is easy, but without 
it close regulation becomes impossible. 

(2) Turbine fitted with Draught liibe.— Where circumstances necessitate ' 
the placing of a turbine which works under a low head, at a considerable 
distance from the supply reservoir a^id at the same time at some distance 
above the tail-race level, a suction tube must be used for the discharge, 
and the problem of successful regulation becomes still more complicated. 
In siiclj a case, with a very small hea^ above the turbine, if this is 
installed in an open forebay, a sudden demand for water may result 
in this head being reduced until air is drawn into the turbine. The 
vacuum in the suction tube is then destroyed, the suction tube emptied, 
and the turbine at once stops. To prevent this occurring a minimum 
depth of water of from 8*5 to 4 feet should be allowed above the turbine, 
this being increased if the suction head is considerable. Where this . 
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is impracticable the turbine must be mounted in a closed casing, and be 
supplied through a pipe line. The provision* of a stand pipe is here out 
of the question, inertia eff(-x;ts being guarded against by the provision of a 
relief valve placed near the turbine casing. A sudden demand for water 
is met by the acwderating effect of tlui suction tube, and under these 
circumstances it is possible to get fairly accurate governing. 

Where a stand pipe is adopted in any plant with a view to preventing 
inertia effects, the freezing of the water which is spilt over the top of the 
pipe may prove detrimental to the working of the plant. To avoid this it 
becomes preferable to use the stand pipe in connection with a pressure 
regulator or relief valve, the latter taking charge of any rise in pressure, 
and venting the supply pipe, while the sole function of the stand pipe is 
to take charge of any fall in pressure on an increasing load. 

Effect of Gates and Governor Connections.- Whatevcn* the type of plant, a 
well-designed system of gates and gate connections is essential for close 
speed regulation. 

In all connections simplicity, directness, and freedom from backlash are 
essential, while cloSe regulation is not to bo expected from any multiply- 
ing gear which needs several turns of a w^orm or spur wheel to close t*lie 
turbine gates. 

The gates themselves should be as light, 'well balanced, and frictiouless 
as possible. Of the two /types of gate in common use, viz , the sliding 
cylinder gate and that consisting of a system of ])ivotod guidii vanes, the 
latter coi^forms most nearly these rc(iiiirements. To give good results 
these guides should be pivoted near their centres, so as to be approxi- 
mately in balance under the action of the supply water. If this condition 
is not satisfied, a large force is required to cause motion, while the gate 
(ionnections need to be of massive proportions, and the conscKjuent large 
weight and inertia of these connectioivs makes quick regulation dilHcult of 
attakiment. 

In the enclosed Thomson turbine, and in enclosed turbines of the 
Francis type fitted with this type of guide, the guide spindles are passed 
through stuffing boxes in the turbine casing, and the whole governing 
mechanism, with the exception ^of the guides and their pivot beamings, -is 
removed from the action of the water. In the Americiwi type of mixed 
flow turbine, wdien fitted with pivoted guides, these arc usually rotated 
either by means of. an annular gear wheel, which gears with pinions 
mounted on the guide* spindles, and which is rotated by means of a link 
coupled to an eccentric which receives its own motion from the relay 
mechanism, or a series of links mounted on the guide spindles are 
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connected by levers fco a central ring, which is rotated by means of the 
relay. In either case the glaring is usually placed inside the casing, and 
while accurate speed regulation is possible with either design, the 
submerged gearing needs to be designed on more substantial lines to 
compensate for its inaccessibility for examination. 

Sliding cylinder gates are commonly moved thi*ough a couple of parallel 
drawbars terminating in racks, which gear with pinions on a shaft 
perpendicular to the wheel axis, this latter shaft deriving its motion from 
the relay mechanism by one or other of the devices shown in Figs. 228, 
234a, and 249. Where this type of gate is fitted to a vertical shaft 
machine, it often becomes advisable to balance the weight of the gate and 



Kiu. 2M. — Direct Kelay Governing Mechanism for Slidinc: Cylinder Gate. 


its dniwbars by means of a counterbalance weight, in which case a suit- 
able type of connection is shown -n Fig. 251. 

For successful governing, the gate should consist of a plain cylinder. 
If provided witli fingers, as indictited hy the dotted lines in Fig. 280, the 
watei pressure on the upper side of these is largely in excess of that on 
their lower face. This necessitates a very heavy counterbtihince weight, 
possessing considerable inertia, and increases the force necessary to start 
and stop the motion of the gate, while tlfe weight and cost of the connect- 
ing links necessary to withstand the stress become excessive. Without 
the balance weight the steady resistance produced by the unbalanced 
pressure produces an excessive stress on the gate connections. In either 
case the very slight addition to part-gate efficiency is totally insufficient 
to compensate for the increased difficulty in governing. 
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Governing; of Impulse Wheels —The preceding considerations also apply, 

Thp (fovcrning of both turbines is by oii-pressure Sorvo-niotor (relay motor). 

The diagrams show the maximum change of speed with sudden ohai^ or discharge. Observations to the left of each vertical 
line represent charge in kilowatts ; those to the ri^ht, discharge in kilowatts. 
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80 far as cases a and b are concerned, to the governing of impulse turliines, 

except where, as in the case 
of a Pelton wheel htted with 
deflecting nozzle, the velo- 
city of flow through the 
supply main is maintained 
uniform for all loads. Al- 
though in this case inertia 
effects are not to be feared 
in the governing of the tur- 
bine, yet the occasional 
necessity for quickly shut- 
ting off the supply renders 
the provision^ of a relief 
valve near the lower end of 
the pipe essejitial. 

Owing to the absence of 
any cyclical variation oi 
turning moment in a pres- 
usually necessary forve 



Fig. 254.— Governing Tests of Pelton Wheel. 


turbine, a special flywheel is not 
governing, sufficient flywheel effect in general being obtained from the 
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turbine runner and shaft itself, and from the electric motor when such 
is used. 

In the Pelton wheel, however, the turning moment undergoes a slight 
periodic variation, the period depending on the numlMu* of buckets and on 
the speed of the wheel. On account of this and on account of the 
comparatively small weight of the wheel for a given power, a flywheel is 
in general essential for such close governing as is necessary for the 
driving of alternators in parallel. 

Figs. 252 and 253 ^ show the results of goverjiing tests on turbines 
VII. and IX.. (pressure turbines) of p. 508 and Fig. 254 the results of 
similar tests on turbines XII. and XIII. (Pelton w4ieels) of p. 4 14. Each 
of the latter turbines is fitted with Doble needle regulators, whiki turbine 

XII. is also provided with an automatic pressure regulator. In turbine 

XIII. a decrease in load is followed by the automatic interposition of a 
shutter between nozzle and wheel. This shutter is then gradually with- 
dra^vn by the action of the relay returning device, and the needle is at 
the same time gradually moved forward in the nozzle, the ()[>eration 
taking place so slowly that no appreciable increase of pressure takes place. 

Aut. 140. — Desion of Head and Tail-IUces. 

The construction of the head and tail-races for a turbine plant requires 
careful consideration. The forebay should be free from sharp turns 
and sudden changes of section, the velocity of flow not exceeding 
from 3 to 4 feet per second. The tail-race should be of the same 
capneity and should be formed with a well under the turbine outlet, 
which should contain from 2 to 4 feet of dead water when the turbines 
are idle. If this be not attended to, a serious loss of head may be 
caused. 

Where a draught tube is fitted ^Jn« should be submerged from 8 to 6 
inches in the standing tail-water, while it is preferably bent at its lower 
end, so as to discharge in the direction of flow in the tail-race. 

Whore a long penstock is installed, this should bo supplied with an 
air pipe (Fig. 237) at its highest point and also at the highest point of 
any vertical bends in its length, to perniij; the escape of accumulated air, 
and also to prevent the collapse of the pipe due to the formation of a 
vacuum should the turbine gates be opened with the head gates closed. 
(See p. 271.) 

A strainer is always fitted at the exit from the forebay, or supply canal, 

\ “Proc, Inst. Mech. Eugiueers,'’ 1910-11. 
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and consists of a series of wooden or metal grids. These are usually 
spaced about 1 inch apart, and in order to^ reduce the loss due to the 
contraction and subsequent expansion of sections of the stream, should 
be as narrow as is consistent with strength. The angle of inclination of 
the strainer should be not less than 45”, in order to give a large area of 
waterway. 

Effect of Ice Formation. — Although the hydraulic power plant is not 
greatly hampered by ice formation in Great Britain and the western 
portion of the continent of Europe, ice troubles may become serious in 
such climates as are found in Canada and the northern portion of the 
United States, and may necessitate some modification in the design of 
the head-race.’ 

The trouble which is often experienced, particularly with frazil ice 
(Art. 2, p. 5) due to its tendency to adhere to the racks, strainers and 
gates of a turbine, can, however, be prevented by a slight heating of the 
racks or turbine gates. At th(5 Ottawa Electric Company’s Power House 
No. 1 a line of steam pipes laid above water level and against the face of 
the rack was found to answer perfectly. In the same instalbition, 
consisting of three 8f)-inch wheels, 80 feet head, using 100,000 cubic feet 
of water per mitiute, steam was supplied by a small pipe to each of the 
wheel housings when the unit began to lose capa<iity. To supply this, 
20 tons of coal wore used during foiu* months of winter, with eleven days 
on which frazil was bad, only occasional injection of steam being found 
to be necessary. Electric he^ng of the same racks has also been tried 
successfully,’ 600 amperes at *3 volts removing the ice at once from a 
single rack bar with the air temperature at 15'' Fahr.^ Those bars were 
5 ^ inches thick and 18 feet long. 

^ Yin a power plant it is usually advisable that the water at the intake 
should be covered with surface ice, as being the most effective preventa- 
' tive of the formation of both frazil and anchor ice. If there are large 
stretches of open water above the surface ice, however, frazil is formed 
and adheres to the lower surface, and may result in a stoppage of the 
channel. In such a case, or when located at the foot of rapids, it is better 
to construct a head-race of sufficient size to serve as a settling basin for 
the ice drawn in. Even then ft may sometimes be necessary to blast a/ 
channel in the surface sheet. Where a long narrow canal is fed from, a 
stretch of open water the ice difficulty becomes very great. A surface / 
covering is then harmful, as encouraging the adherence of frazil. 

^ These results have been taken from “Ice Formation,” by Barnes, Wiley k Sol», N.Y,,V 
'4i907. Here the whole subject is considered in detail 
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Examples. 

1. Discuss the relative* advantages and disadvantages of the impulse 
and pressure turbine as regards — 

(a) * Applicability to high, medium, oi low heads. 

{b) Applicability to suit local conditions. 

(c) Efficiency. 

(d) Speed regulation. 

(e) Speed of rotation. 

2. Sketch any device suitable for the speed regulation of — 

(a) A Pel ton wheel. 

(h) A Girard turbine. 

(c) An inward radial flow turbine. 

(d) All outward radial flow turbine. 

3. The nozzle circle of a Barker’s mill has a diameter of 2 feet. The 
no'izles, two in number, are diameter, and when working under a head 
of 1 foot the wheel makes 240 revolutions per minute. Determine its 
hydraulic efficiency, neglecting the effect of friction. 

Answer *982. 

4. In the wheel of the previous example, the weight of water used at 
240 revolutions per minute, working head 6 feet, was 070 lbs. The 
brake horse power was *056. 

Determine the coefficient of frictional resistance inside the wheel ; the 
hydraulic efficiency, the total efficiency, the speed for maximum possible 
hydraulic efficiency, and this efficiency. 

Answer : — 

F = *2. 

Hydraulic efficiency = ’522. 

Total efficiency = *46. 

Speed for maximum efficiency = 160 revolutions. 

Maximum efficiency = *693. 
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Thoory of Turbine Design -Design of Stand Pippg. 

Akt. 141. — Theory of Turbine ])esion. 

The turbine system, as a whole, may be divided into the supply pipe, 
the turbine itself, and the discharge pipe. Losses of head are experienced 
in each branch of the system, so that if H be the total difference of level 
between open head and tail-nice, the head available for doing work on 
the turbine will be less than II by the amount necessary to overcome the 
frictional and. other losses in the supply and discharge pipes. 

The loss due to this cause is approximately proportional to the lengths 
of the pipes and to the square of the velocity of flow,. and its relative 
importance diminishes as the gradient of the pipe line and its sectional 
area are increased. Theoretically, by making the pipes of sufficiently 
large area the loss may be made quite negligible. This increase in area 
is, however, accompanied by a corresponding increase in the first cost, 
and it appears to be fairly well agreed that in practice it does not pay to 
reduce the pipe line velocity below from 6 to 8 feet per second, the value 
to be adopted increasing wit# the gradient and with the head. 

In a lafge power plant where the head is high and the penstock direct, 
this velocity may be increased without serious proportional loss of head 
^^^p to a maximum of about 16 feet per second. 

If, in any type of turbine, v be the . velocity of the supply water at its 
exit from the guide vanes, and if a be the angle between the guide vanes 
andiihe direction of motion of the wheel at the point of entry, v may be 
resolved into two components ; v sin a, perpendicular to the direction of 
motion of the vanes, which is usually termed the velocity of flow, and 
V cos a parallel to this direction, which is termed the velocity of whirl. 
Throughout the following discussion the velocity of flow will be denoted 
by /, and that of whirl by tv. Thus in a radial-flow turbine / is radial 
and w tangential to the wheel, while in an axial-flow machine /is pandlel 
ta the turbine axis and tv is in the plane of the wheel. ^ " 

* . In virtue of the velocity of whirl, the supply water possesses piomen- 
*tum in the plane of the wheel, and it is the change in' the moment of th.^ 
' j^bmentum about the axis of the wheel during the passage of the watel 
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through the wheel buckets which provides the turning moment on the 
shaft. For this turning moment to be a maximum with a given value 
of V and a given quantity of water, it follow;* that the value of w should 
be a maximum, and therefore that a should be as nearly as possible 
zero. 

On the other hand, the volume of water which a given wheel is capable ' 
of handling per second depends on/, since it is in virtue of this component 
of velocity that water is carried into the turbine buckets. As a is 
diminished, therefore, the size of turbine for a given power, and the first 
cost, increases, and the prohlem before the designer is to determine at 
what point tlie diminution in efficiency due to an increase in a becomes 
of more imp irtance thafi the corresponding diminution in first cost. A 
similar state of affairs holds at exit. For maximum hydraulic efficiency 
the energy rejected in the discharge should be reduced to a minimum. 
This requires the ahsolute velocity of discharge from the wheel to be as 
small as possible. The minimum permissible velocity of discharge is, 
however, governed by the necessity for getting a given volume of water 
per second thi’ough the limited sectional area of the buckets at this point, 
and here also an increase in the velocity of fiow at the expense of the 
velocity of whirl will enable a larger volume of water to be dealt with and 
a greater power to bo obtained, but with a sacrifice of the hydraulic, 
though possibly not of the economic, efficiency. 

^^hero an abundant sup[)ly of water is available at all times, the 
efficiency of the turlune may become quite a secondary consideration as 
compared with its prime cost, and a cheap but comjmratively inefficient 
turbine may be iij'cferahle on all counts. In such a case high efficiency 
at part loads is a minor consideration and may bo entirely subordinated 
to considerations of cheapness and of ease of governing. Here, however, 
it must be remembered that whqre a long supply pipe or channel is* 
necessary, a decrease in the efficiency of the turbine, particularly at full 
load, necessitating as it does an iiicreased water supply, may cause the 
initial cost of construction of such channels or pipes to more than 
counterbalance the decreased prime cost of the motor. 

Again, where the supply is variable and where in times of drought 
barely sufficient water is available, it is highly important that high 
efficiency at all gates be the first consideration. 

Thus the turbine designer must keep 'many confiicting possibilities in 
view, each of which has its own effect on the most suitable design to be 
adopted, and no hard and fast rules can be formulated for the design of 
any type of machine. Certain broad principles may, however, be laid- 

H M 2 
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iown, to which the design must conform if the turbine is to be efficient 
ind these will now be briefly indicated. « 

In the following demonsk’atioiis 

Let (o = angular velocity of the wheel in radians per second. 

?’ = radius in feet at any point indicated by a suffix. 

V = velocity of supply stream at its exit from the guide vanes, in 
feet per second. 

u m r =. velocity of wheel at point indicated by a suffix. 
f = velocity of flow. 
to = velocity of whirl. 

a = angle between guide vanes and direction of motion of wheel 
at entrance. 

j3 = angle between lip of moving vanes and direction of motion of 
wheel. 

y = angle between discharge edges of moving vanes and direction 
of motion of wheel. 

Q = flow in cubic feet per second. 

W = weight of 1 cubic foot of water = fi2*4 lbs, 

Abt. 142.— General Case of Inward Radial Flow Turbine 
(Fig. 255). 

Let the suffix (a) referio the state of affairs in the supply pipe. 

(/>) refer to the state of affairs in the discharge pipe. 

. (1) refer the state of affairs at the exit from guide 

vanes. 

(2) refer to the state of affairs at the inlet to wheel 

vanes. 

(3) refer to the state of affairs at the exit from wheel 

vanes. 

Then a consideration of the diagram shows that if the vane angles are 
proportioned so as to avoid shock atf^ntrance : 

/a = W2 tan a = (iv^ — tan .•. ih = ^ ’ 

^ /g = ('^8 — MJa) tan y; /a cosec ^ = /a cosec y. 

The moment of momentum of the ) tt^ 
water leaving the guide vanes per | = — - «’i n ft. lb. units, and since, 
sec. about the axis of rotation i ^ 
if losses at the exit from the guide vanes are neglected, wi = wi, while, 

WQ \ 

neglecting clearance, n = ra, this becomes — - ra ft# lb, units. 
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The final moment of momentum = — ^ wq 73 ft. lb. units. 


Change of moment of mo- ] __W Q • ^ i ^ n 

mentum = turning moment | “" g * ^^2 ^2 — '-'s r t* Ihs. 


Work done by this mo- 
ment per second 


h*2 Vfi } Q) ft. lbs. 


= { //‘a 7/2 — /ra 7/3 } ft. lbs. (1) 

Evidently this has its maximum value when 7^3 = 0, and then the 

— 7 7 — — i /e\\ 


work done per second = U 


u'2 772 } ft. lbs. 



If Ws is not zero, we have, on substituting its value 7^3 ~ wa — /s cot > 
in (1):~ 


U^~ { ^<’2 ’^2 — + W3/3 cot y } ft. lbs. per second. (2a) 

If the vane angles are correctly proportioned as indicated in Fig. 255 
BO as to avoid shock at entrance, we have : — 



tan a \ ^ 
tan /? / * 
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while if 1)2 and hs are the effective breadths of the wheel passages at 
entraneg and exit, so that 2 tt />2 r2 and 2 it ha r*, are the effective passage 

areas, we have, for continuity of flow,/8 = J 2 


^'2 Al,.^ ^'8 __ 


u = 


KS! 

9 


^ 3 

2 


Also — = -y so that 
r2 


„ / - tan a \ ) ^ ( r2 ) ( ^ t 

''' W““tan"^ j ] , />2tan a 

1 h‘i tan V 


tan a 
tan p 


m 

11 

ha tan y 

Assuming the turbine to be designed, however, so that 1^3 = 0, we get 
from (2) 

</ \ tan p ) 

If the wheel is horizontal, or if in a vertical wheel we neglect the 
differences of level at the highest and lowest points and also neglect 
losses at entrance, we have : — 

, work done by , losses per lb. be- , .v 
— i._„ — IV. tween (2) and (3). 


(3) 


;?a , r*/ V±_L ^'3 
W ^ iff W ig 

If then J/'= 71— - = head available for producing flow through 
2 g ni ) 

the wheel, ?>., the total head minus that necessary to overcome pipe 

line losses, we must have : — 

(5) 




water per lb. 


rsi’‘ _ Pa 


II' — + — — 

W 


so that, -substituting in (4) and putting 

I 

,.55»have =.2/, + y l^'taMV 


ri = 


= fi if w'3 = 0, 

( 6 ) 


. from which, writing /a = 


//o V 


^ = «\2ftan a ^ we get : 


ha I'a 


?>2r2 , 
ha ')'a 


ir = 


^-9 


2+(i:>n“)'-2 

~ ^ gi r 


tan a 
tan p 




tan a 
tan p 


/ 1 tan a \ / 2 // Jr 

I tan /J ) ^ 2 T ( i;; ;■ tan « )“ - 


tan a 
' tan P 


(7) 

(8) 

■% 

i' 

( 9 ) 


^ Thin Ticglcots tnsscs dne to friction, etc., in the wheel. 
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This gives the velocity of whirl, and the peripheral speed of the wheel 
for maximum efficiency, in terms of the available head 7fJ 
The ellect of any variation in a or ^8, on the peripheral speed for maxi- 
mum efficiency, is shown in the following table, which gives the theoretical 
values of k (where Hq = k V 2 g IT) in the case where /2 = /a. 


Valnes of 

Values of a. 

iS. 










0 ^ 

5 ° 

10° 

12F 

15 " 

20 ^ 

25 ^ 

30 ° 




■658 


•036 

•604 

•564 

•516 

75 '^ 



•685 


•669 

•648 

•625 

•596 

90 ^ 

•707 

•705 

•702 

•698 

•695 

•685 

•672 

•655 

105 ^^ 


1 

•724 


•729 

•732 

•733 

•730 

120 " 

1 


•741 


•748 

•756 

•764 

•770 


Oil the assumption that = o and that the loss at entrance is zero, the 
maxim mil theoretical efficiency r/ of a turbine is given by 


_ work done per second -‘j water _ 
^ energy supplied per secoml 


g \ tan / 

WQH' 


{ j t an g \ 
\ ^ tan B ) 


tan tt 


tan p 



1 • 


tan 

“ \ l>3 I':! ; 

1 


tan ’ 


( 10 ) 


tan 1^ 


This gives the hydraulic efficiency of the machine, and does not take 
into account losses due to mechanical friction in the turbine. The actual 
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efficiency of the machine is the ratio of the useful work delivered at the 
turbine shaft to the energy supplied at the wheel inlet, and is given by the 
ratio f 

2 TT iV M where N = revolutions per second 
tv Q II' M = turning moment on shaft in foot lbs. 


Here M is less than the hydraulic turning moment 


WQ 

(f 


(?r 2 7-2 — IVs Vs) 


foot lbs, by an amount depending on the frictional resistances of the 
turbine bearings and on the hydraulic frictional losses in the wheel itself. 
From (10) it appears that the efficiency should theoretically increase as 


the ratio 


- diminishes, i.c., as the breadth of the turbine is more 


rapidly increased towards the centre. Even theoretically, however, this 
possible increase is only small because of the smallness of tan \ while 
such a construction, by giving wheel passages which have a sectional area 
increasing in the direction of How, tends to produce unsteady motion with 
a consequent loss of energy in eddy production. 

Again from equation (10) it appears that the efficiency increases as ^ 
increases, and diminishes with an increase in a, the following table giving 
values of rj corresponding to different values of these angles, in the case 

where = 1, and where in consequence /g = /s. 

^3 


« 


¥ 

Values of a. 



Values of 

10° 

15° . 

20° 



25° 

30° 

< 

60°. 

•981 

•959 

•922 

•871 

•800 

75° 

•983 

•962 i 

, -981 

1 

•888 1 

•835 

90° 

*984 

CO 

oa 

1 

•936 

•902 

•867 

f 

o 

o 

•986 

•966 

•941 

•910 

•874 

120° 

•986 . 

*968 

•946 

•920 

'889 
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From this it would appear that it is an advantage to make ^ as large as 


possible.- But since we have f 2 = tan x — 


f. 




1 ~ 


tan a 
tan I 


tan ji 


the 


velocity of flow for a given peripheral wheel speed diminishes as jS 
increases, so that an increase in ^ necessitates either a larger and more 
expensive turbine or a higher peripheral speed. In the latter case fric- 
tional losses are increased, and in view of these facts it has become usual 
to make /? = 90° for all medium heads. For very high heads p may 
range from 60° to 90°, and for very low heads from 90° to 185°. 

In the case whore p == 90° the hydraulic efficiency is given by 

2 

’)= rr- ( 10 «) 


‘2 + 


\ h rs / 


Similarly, although the hydraulic efficiency decreases as a increases, yet 
the volume passing through the turbine, and cdnstxpiontly its horse power, 
also increases, the maximum power being obtained when the product of Q 
and 7? is a maximum. It follows that the most satisfactory value of a 
depends on the purpose for which the turbine is desired. In a high-class 
turbine, a will be as small as mechanical considerations permit — generally 
between 10° and 15°, and the turbine will gain in efficiency at the expense 
of a higher prime cost. Where a cheap turbine is required a may have 
any value up to about 85°. 

The volume of water passing through the turbine per second is*given by 
Q zzz 9, TT r2 1 ) 2/2 = 2 TT r2 ^2 tan a cubic feet,^ and when the turbine is 
working under conditions of maximum efficiency this becomes 


/ 2 .^ 1 /' 
g = 2 TT r2 62 tan a / / />„ ro 


tan a 
tan p 


( 11 ) 


so that both the velocity of the turbine for maximum efficiency and the 
volume of water passed through the wheel vary as V IT, 


1 This |ssnmes that the passages run full, and neglects the effect of the thickness of the 
vanes. The latter factor may readily be allowed for, and is considered later (Art. 144). The 
construction of the vanes may, however (p. 543), cause some contraction of the stream as 
indicated in Fig, 2B7 c, in which case the actual area over which flow takes place is less than 
that of the passages. We then get ^ 

Q k X 2 ir 7*2 ^> 2/2 = A x 2 ir r 2 tan a cubic feet, 
where k equals the coefficient of discharge of the passages. This, which includes both the 
coefficient of velocity and of contraction, is usually taken as about 95 and must be 
introduced in the application of these formulae to any specific example. 
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Since for maximum efficiency, the work done 

fi — 2 f 1 tan \ . * 

^ ^ 0 ^ ^ ^ ^ tan /3 / second. 


X 2 TT /‘g ^^2 tan a 


u ^ 


/ . ^ tan a \ 
\ im p ) 


I 

S+f^^tanaV - - 

\ h 'f‘d / tan /i j 


fooL Ibi^'. per second. (12) 


. the work done is proportional t ) ll L 

An examination of e(|uati()n(10^showst]itit the hydraulic efficiency dimin- 
ishes with an increase 

in the ratio -(z=n,) 

except where r 2 =hs rg, 
and therefore where 
the velocity of flow is 
the same at inlet apd 
outlet. Apart from this, 
an increase in n, by 
increasing the lenf:;th 
of wheel passaj^es, re- 
duces the efficiency by 
increasing frictional 
losses. Tins disadvan- 
tage is, however, coun- 
terbalanced by the in- 
creased regulating effect 
of the centrifugal pres- 
sure. It follows that as the efficiency of the governing mechanism is 
improved, it becomes advisable to retkice the value of n, and this explains 
why the value adopted in practice has been gradually reduced of recent 
years from 2 to as low as 1*25. Its usual value is about 1*5. 

The discharge angle y of the vanes (Fig. 25(1) may be determined froto 
the consideration that, if = 0, 



PlO. 2B6,— Vaiifi Atmles for Toward K.adial idow Tnrbijie. 

9 


Ml _ ./‘j />2 ^*2 
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If /3 = 90°, Wi = ?(j,'and since— = 

• ^^8 ^8 


i. 12^ i. 

tan y = -j — „ tan J. 


If / is constant this gives 


tan y = — tan j. 

ra 


(18) 


(14)^ 


And if - - = n, 
^8 


tan y = n tan a. (15) 

Change of Pressure through Wheel. — Since the motion of a particle of 
water at any point in tlie wheel may he compounded of its motion in a 
forced vortex with angular velocity and of its motion jiarallcl to the 
wheel vanes with (variable) velocity tv, the difference of pressure at any 
two points in the wheel will be the algebraic sum of the differences 
necessary to produce these motions. 

Thus, due to the vortex motion, 


P2 






feet, 


W 2g 

while due to the flow hetw(^en the vanes, 

W “ 2}/” 

Summing these we have : — 

Total difference of pressure at 1 — jia _ — Hi? 


feet. 


inlet and outlet. 




w 


2)7 


+ 


V° - 

^2sf ■ 


But QVr = ./« cosec y, and 2 ^V =/2 eosec /?, while Kh = 


1(2 


Pi - _ "iV 1 _ 1 I 

W 


/ii® coscc cosec“ 


( 16 ) 


The pressure p, at any radius r between inlet and outlet may be obtained 
if the angle 6 made by the vanes at this radius with the tangent to the 
corresponding circle, and the velocity of flow,/, be known. 

Here, if u be the velocity of the wheel at r, 


u = \ while ?v 

?'2 


P2 - 
11 


/ cosec 

■ I 1 - f ’VI 

2 H X \ ^*2 / / 


or 


P = Pi-w 


W — f *:? cosec 

2 fi ■ 

cosec W — cosec 


lbs. per 8(|uare foot. 






( 17 .) 
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If the velocity of flow is constant /i = /*, and this expression simplifies 
to 

P = Ih — I ^ ( )0 1 ~ 1 • 

As every term in this expression is known, the pressure at any point, 
and therefore the whole pressure on that portion of the runner which 
carries the vanes, may be determined. 

An easier graphical method is, however, indicated in Art. 145. 

The pressure over the face of the runner inside the vanes = Ihs. per 
square foot, so that the total pressure over this face may be determined. 
Owing to leakage past the outer periphery of the runner the pressure on 
the rear face may, however, amount to as much as lbs. per square foot, and 
owing to the large difference of pressure thus produced on the two faces 
the end thrust on the shaft may become excessive. Various methods of 
balancing this end-thrust have been adopted, and have been illustrated in 
the preceding clnipter. 

Further consideration of these methods will be postponed to Art. 183, 
where the similar problem of balancing the end thrust on the spindle of a 
centrifugal pump is considered in some detail. , 

Summary.— Collecting the more important of the results so far o))tained 
we have in the case of an inward radial flow turbine, workijig without 
shock at entrance and rejecting its discharge water without any tangential 
velocity, and therefore (neglecting the effect of other losses) working at its 
maximum efficiency, 



’ (2)a ^ yi = tan a feeo per second. 

(3)a tan 7 = n tan a 


(4)a /g = n ^ feet per second. 

(6)„ p=pi—^ «a“ 1 1 ) 1 + ^ cosec'®/? 

lbs. per square foot. 

2 

X6)a Hydraulic efficiency rj = jy u i r" 

^ ( r- n tan a ) X ^ — 

' \ oa / ^ ^ tag a 

tan /? 
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(7)a Revolutiono = ^ iwr minute. 

. 2 TT ra ^ 

Kadial Inwaud FiiOW Turhink with' Kadial Vane Tips. 

In practice the vanes are very commonly imide radial at the tips. In 
this case, putting /3 = tan /3 = a, we now have, for no shock at 
entrance, the velocity of whirl equal to the peripheral velocity n^oi the 
wheel. Making these substitutions in the general expressions already 
obtained we get : — 

( 1 ) 6 wa = M’a ~ A / ^ — V 2 feet per secmd. 

2 + ^ n tan a j 

( 2 ) j, /j = tan a feet per second. 

{'i)l tan y = tan a 


= n 1 ^ f 2 feet per second. 

0.4 


r 

1 1- 


L 

( 

V /2 / 


P cosec ^0 • 


lbs. per square foot. 

(6)(, V= ,j; 

2 + tana) 

In some eases the velocity of How is kept constant by increasing the 
breadth of the turbine as the radius diminishes so as to keep constant. 

In this case = /a, ^2 '#’2 = ^^3 and therefore w = 1 , and the 


foregoing results are modified as follows : — 
(ly ■u, = n-, = ^/ 

(Sy tan y = n tan a 


.. feet per second. 
+ tan ^ 


r 1 1 - 1 

(-)’l 

L 1 

\ ? 2 / } 


+ (cosec ^0 


-v] 


lbs. per square foot. 

rjz=-~~ 


''^2 + tan^a 

Since a is always small, the peripheral velocity of the wheel for 
maximum velocity is very approximately given ( 1 )' by 


V 2 


•707 V 'igH', 
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SO that with radial tips the peripheral velocity at entrance is nearly that 

H' • 

due to a fall through a height ^ , while the supply water at this point 

• ^ 

has changed only approximately one half of its total store into kinetic 
energy. 

h'rom the foregoing analysis, or from a consideration of the triangle of 

velocities ah c oi Fig. 
256, it is evident that 
the speed of the wheel 
is a function solely of 
the velocity due to 
the head, and of the 
angle a. 

This being so, it re- 
mains to decide upon 
some relation between 
the velocities of flow 
and of whirl l>efore 
this angle, and the 
wheel speed, can be 
settled, The precise 
relations between 
those two velocities, 
which shtjl conduce to the highest economic efticiency, can only be deduced 
from experiment, and the following table shows the relationships which 
modern practice has shown to be most successful : — 



— 

• rype 

h 

1 i 


a. 

1 

L 

Inward rtuliul flow turbine— 
Thomson type . 

Fraiiclttlype .... 

About *125 VTqlr 
From *125 V 2 g 
tx) *175 

About '(ifl V ig II' 

tYom *06 V '^g 11' 
to -72 4 / 2 fif i/ ' 

Aliout IP 
From 11” 
t*J 14” 

2 

From 1*25 
to 1-50 

nixed flow turbine of tlie 
American type .... 

PYom *3.-) VTUlf' 

1 to *40 *V ig >•' 

From *72 V 2 g // ' 
to *80 V 2 j/ yi ' 

From 22” 
to 28'.’ 

i- « 

Outward radial flow turbine 

About *25 V 2 g II' 

From *5(5 ig W 
to *02 V '2gH' 

From 2b” 
to 25” 

Fttnn ‘80 
to *86 

^xialJlow turbine 

Prom *175 VTfir 
to *225 

Fiom *02 V 2 g il’ 
to M Vigil' 

From 16' 
to 22” 

1 

V 1*0 
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Remarks on the Theory of Turbine Design. 

Although the preceding theory is extremely valuable, its limitations 
are important and must be kept in view. -In the first place, even with, 
vanes designed so as (theoretically) to prevent shock at entrance, experi- 
ment shows that a certain contraction of section of the stream, as 
indicated in Fig. 257 a and 5, takes jdace, and also indicates that this con-'*^ 





tractioji and th.i subsequent re-expansion is greater with the theoretically 
correct entrant angle than with one slightly different. When working at 
part gate the ingoing stream may, if sufficiently reduced in width, not fill 
the buckets at all, in which case the wheel runs as an impulse turbine, 
^he pressure at the exit from the guides falls to that in the discharge pipe, 
a||d the outflow per unit area is largely increased. Since the wheel 
s^ed is now altogether unsuited to the velocity of influx, the efficiency is 
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low. Even though the stream may re-expand to fill the buckets and the 
wheel act as a pressure turbine, yet with the aarne pressure at exit from 
the wheel, the pressure at tjio exit from the guides will be greater than 
when running full, though not to the same extent as before, so that in 
either case the volume of water passing the wheel is larger than might 
be expected fi*om a consideration of the gate opening. 

This action is well illustrated by the following results of tests carried 
out by Mr. J. B. Francis on a mixed flow turbine, of which the following 
are the leading dimensions^ - 


Outer diameter of runner, (5 feet. 

Least diameter of runner, 2 feet 8 inches. 
W'idth of ^mide passages, 13-1 inches. 
Width of buckets, /> 2 , 13-3 inches. 
Meiisured area of outflow from guides, 
9-88 s(piare feet. 


Measured aiea of outflow from buckets, 9*06 square feet. 


a - 25®. 

)B = 90®. 

7 from 22° to 2G®. 

Number of guide vanes = 24. 
Number of bucket vanes = 25. 
= 0'4 inches. 


11 font. 

dale 
open 111},'. 

y cnbic foot 

per bocMiitil. 

Fen-ontage of 
Flow. 

He volutions. 

Kllicieney. 

14*3 

•153 

51-2 

31-0 

GO-5 

17*4 X ^ 

13-7 

•30G 

83-9 

50-8 

GO-1 

GG-G®/, ‘ 

13*1 

•459 

1101 1 

G6G 

GG-4 

7G-1 

IH’O 

•512 

130-2 

78-9 

G4-0 

80*1 

12'7 

•7G5 

141-8 

87‘r) ! 

G2-7 

83-Gi 

12-7 

l-OO 

1G5‘1 

100-0 

GG-G 

82-8 °/o 


Again, friction losses in tl^ wheel increase continuously with the speed, 
and do not' attain a minimum value simultaneously with the minimum 
values of the losses by shock and by rejection of kinetic energy, so that, 
although the expressions previously obtained for the efficiency by neglect- 
ihg these losses, indicate that this is independent of the speed of rotation, 
there will, in Jictual working, be one particular speed for any turbine 
wording under a given head — that speed at which the sum of the various 
losses forms the least proportion of the energy supplied by the water — 
for which the efficiency will be a mafimum. 

Experiments by Professor Fliegner, of Zurich,® indicate that the loss at 
entrance diminishes as the working head increases, and that its minimum 
value does not occur for inflow fvithout shock, but when the angle* jS has a 
value differing from the theoretical, the best angle being greater than the 
i^ieoretical for values of /3 less than about 105°, and less than the 
theoretical for values of greater than this. 


* Journal Franklin Institute, vol. 99, p. 249. 

* ZeiUchrift de* Vereines DeutioJier Ingenieure^ vol. 23, p. 459. 
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The following table gives some of Pliegner’s results : — 


• 

Value of discharge angle y 

1 


•80° i 

15° 

30° 

16° 

80° 

Value of /8 for no shuck at entrance 

120° 

120° 

1 

0(J° 

90° 

60° 

60° 

Experimental value of /8 for maximum efficiency. 

nr 

lOV’ 

lO.r 

102° 

SS]° 

85° 


It follows ihafc wiib auglos designed for entry without shock, the most 
efficient speed will he less ihiin the tliooretical for values of /3 less than 105°, 
and will he greater for greater values of a conclusion which is verified 
by the results of experiment, and which is indicated by the values of Wa 
given in the table on p. 512. 

Pliegiu^r’s results led him to the conclusion that the best value for /3 is 

given by the formula = 90° + - ~~ — 80 ^ , where /3 and y 

are the values of inlet and discharge angles calculated in the usual way 
for maximum efficiency, and whore and are the bucket widths at 
entrance and exit. 

Again, in the pressure turbine, the assumption that the water is com- 
pletely guided by the vanes is probably not even approximately true, 
only i\ small proportion of the water being directly guided, and that only 
on one side of the stream. Other jiarts of the stream may follow very 
different paths. Moreover, unless the guide passages are paral 1 el <for some 
short distance before the point of exit, the issuing stream may (as at p 
in Pig. 257 c) fail to occupy the total exit area, so that, even apart from 
the effect of the vane thickness, which will be considered later, the 
effective area of flow is less than 2 r 2 

It is usual to allow for this effect rpproximately by making the calcula- 
tions on the assumption that the coefficient of contraction is *95. The 
same reasoning applies at the point of discharge. 

Further, we have the impossibility of taking full account of the various 
frictional and eddy formation losses in the turbine, except when guided 
by the jresults of experiment on the pg,rticular type of. wheel under 
consideration. 

The true value of the theory thus lies in its power of indicating the 
relative influence of the different details of design on the efficiency, and 
in its possibility of giving a preliminary design which may afterwards be 
slightly modified by the results of experiment on some similar type of, 
machine, so as to approximate more nearly to that of the perfect turbine.' 
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Example of Design. — As an ajiplication of the results of the foregoing 
analysis, consider the design of an inward 'radial flow turbine of the 
Prancis swivelling gate tyi)b, to give 10,000 II. P. at 300 revolutions pel 
minute under a total head of 260 feet. The wheel vanes to have radial 
tips, the velocity of flow to be kept constant, and the wheel to be 
supplied thi'ough a steel penstock whose length is 450 feet. 

Assuming a probable full-load efliciency of 84 per cent., the capacity 

of the penstock must be suflicient to allow of a supply of ^ 

= 404 cubic feet per second. 

Allowing a mean velocity under maximum load of 12 feet per second in 
the penstock, the area of this becomes 33§ square feet, corresponding to 
a diameter of a})proximately 6 feet 6 inches. 

In such a turbine it is usual to arrange the design so as to give a 
maximum efliciency at about f full-load. At this load the velocity of 
pipe ffow is approximately 8 feet per second, and if the coeflicient of 
friction be taken as *005, the loss of head due to friction and to the 
velocity of flow (assuming the kinetic energy due to the latter’ to be 
entirely lost) may be written as e(|ual to 
.,2 






005 X 450 X 4 
6-5 ' 


feet = 2*37 feet. 


The effective head H' is thus 257*6 feet, so that V 2 // /7' = 129 feet 
per second. 

Taking a = 18°, tan a = *231, tan =. *053, while from (1) we have 
129 

W 2 = ■;2.053 ” second. 

The outer radius of the runner is then given by the relation 


2 IT 7*2 AT 
^60 


= 90*1. 




60 X 90*1 


= 2*87 feet. 


■ 2 TT X 300 

Outer diameter of runner = 5*74 feet = 5' 9". 

Assuming an efliciency of 86 per cent, at | load, we have : — 
Q = 296 cubic feet per second, so that from the expression 
= 2 77 7-2 ^2 tan Q W 2 , we get 

, - Q I 2^ 


‘ 2 77 7*2 tan CL 2 77 X 2*87 X 90*1 X *231 

= *79 feet = 9*5 inches (approximately). 

2*87 


feet 


Taking n = TSQ, we have vq = — ^ = 2*21 feet, so that 'the inner 
liameter of the runner is 4' 5", while 5a == ‘79 X r80 = 12^^ inches*, , 
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Also, since tan y = « tan a, this makes tan y = ‘300, giving y the 
value 16" 42'. 


The theoretical hydraulic efficiency 




2 4" tan 


now equals- 


2-053 


= 97*1 per cent. 

Applying Fliegner’s correction, it appears that for maximum efficiency 
at this speed of rotation should bo increased from 90" to a value 
where 


= 90° + 14*7° - 9° 
= 95-7°. 


As will be seen later, these results, however, need further correction 
for the thickness of the vanes at their inlet and outlet edges. 


Art. 143. — Sources and Magnitude of Losses in the Pressure 
Turbine. 

So far the various losses in the turbine and its appendages have been 
neglected, and while it is impossible to take these fully into account in a 

theoretical discussion, yet a 
more detailed examination 
will be of value as indicating 
their relative importance. In 
general, these lossee consist 
of 

(1) Frictional losses in sup- 
ply and discharge pipes. 

(2) Loss by leakage between 
guides and wheel. 

(3) Losses due to shock at 
entrance if the vane angles 
are not adapted to the speed 

of the wheel, and to contraction and subsequent expansion of section of 
the stream. -a 

(4) frictional losses due to motion of the water over the vanes and 
crown of the wheel. 

( 5 ) Eddy losses caused by any sudden curvature of the vanes by sudden 
changes of section or divergence of the passages. 

(6) Losses due to shock caused by sudden enlargement of the stream 
section on entering the buckets at part gate. 
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(7) Lobs due to rejection of kinetic energy in the discharge. 

(8) Loss duo to mechanical friction at bearings. 

(1) Of these losses, that ^due to the friction of the pipe line may be 
readily estimated, and depends on the length, diameter and velocity of 
flow through the pipes. 

(2) Loss by Leakage, Hi . — This loss being proportional to the possible 
area through which leakage may take place and to the velocity of efflux 
over this area, is proportional to the jn-oduct-of the peri 2 )hery of tlie wlieel 
and the radial clearance at entrance, and to the square root of the head at 
entrance. Its magnitude is .greatest in turbines of the inward flow type, 
and may amount to from 2 to 4 per cent, of the total energy supplied. 

(8) Loss due to Shock at Entrance, i//j. — if angle /3 is not correctly 
proportioned. 

Let ah = v (Fig. 258) represent the velocity at the exit from guides. 

Let ch = ii^ represent the velocity of vane tips. 

Then before entering the buckets the relative velocity of water and of 
wheel in the direction of the tangent at c = c ti. 


Also if me = )3, the relative velocity in the same direction dn 
entering the buckets = c q. 

/ /» A — /. \2 

-- feet of water. 


(c d 

Loss of head due to ^liock at entrance = • — ^ 


But C d=::W2^ 

And’c q cot ^ =/2 cot /3. 

Loss of head He = 


li 


2^ 


2? 


U2 

Wi 


tan a|2 
tan p] 


feet. 


( 1 ) 


The actual loss due to shock is i»- general less thajii that calculated, 
since only a portion of the whole supply stream suffers the extreme 
change of velocity. 

(4) Frictional Losses in the Wheel, Jfj!..— These may be divided into the^ 
losses caused by (a) Flow over the surfaces of the vanesi and crowns ; 
(b) Disc friction due to rotation /)f the turbine crown or crowns through 
,vthe surrounding water. * ' 

{a) If = mean relative velocity of flow through turbine, m the ' 
hydraulic mean depth of turbine passages, I the effective length of, 

, passages, F the coefficient of friction, this loss is given by 




FlVr^ 

,Q>gm 


feet of water. 
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(b) The disc friction due to rotation of the turbine crowns has been 
considered in detail in Art! (52, p. 179. 

Its magnitude depends considerably on tlio type of turbine. In a 
single wheel radial flow turbine the whole of the rear face of the runner 
will, in -general, be subject to this resistance, as will that portion of ^ 
the front face which lies between the shaft and the inner tips of the 
vanes, while in the case of a double discharge turbine of the Thomson 
vortex type, this rubbing area is almost doubled. A large increase in 
disc friction is also experienced in the case of a turbine balanced by the 
addition of a rotating balance piston. 

In a wheel of the parallel flow type the design may be such as to cause 
a similar resistance at the outer circumference whose radius is and 
breadth the loss of energy in this case being f^iven by y* o)'* r./ />2 foot lbs. 
per second. 

In any case this loss of energy per second is proportional to and the 
loss per lb. to since Q is proportional to w. The magnitude of the loss 
may be from B to (5 per cent. 

(5f and ((>) Eddy Losses. IJq. — Tlu^so losses, duo to eddy formation at 
changes of curvature and to shock at entrance at part gate, do not admit 
of ev(in approximate cahuilation. They may, however, be minimised by 
designing all passages to Ijave as easy a curvature as possible, and by the 
adoption of gates of the swivel type. Witli this typo of gate these losses 
may account for between 1 and 8 per cent, of the total head, while with 
cylinder regulation they may amount to as much as 20 po.’ cent, at 
half gate. 

(7) Loss due to Rejection of Kinetic Energy in the Discharge, 

Assuming the whole of the kinetic energy of discharge from the buckets 
to be lost, this loss is given hy — 

In an inward radial flow turbine, where n = we have 

i’ll 

i yij iJot y = - — /g cot y, and if /« = / 2 , the loss becomes — 

r 

Expressed in terms of «’ 2 , this becomes — 


( 2 ) 
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Tills loss becomes a minimum when ix.y the velocity of whirl at 

• 

exit = 0, and then has the value . 

‘ 2 // 

Practically the whole of this energy is lost where the turbine discharges 
either directly into the tail-race or into a parallel suction tube whose 
area is equal to that of the vanes at discharge. If, however, the suction 
tube has an area which gradually increases towards its outlet, a portion, 
up to about 25 per cent., of this may be converted into pressure energy, 
with a consequent gain of elliciency by the wheel. 

In general this source of loss accounts for between 3 and 8 per cent, of 
the total energy supplied, being greatest in turbines of the outward flow 
type and least in those of the axial flow type. 

(8) Mechanical Frictioni 7/;,. — This generally accounts for between 
2 and 4 per cent, of the total energy, its magnitude depending largely on 
the type of machine (whether hydraulically balanced or not). 

Taking these losses into account, if II is the total supply head, 
II = IP + loss in pipe friction. 

The hydraulic efficiency U __ _ 

of the turbine is given by ) 7/ — loss in pipe friction 7? 


J'he work done on the 
turbine shaft 


U — lijAHiFu) ft. lbs. p(ir sec. 


Gross efliciency i)f __ U — II k, p^.a 
turbine wheel ) IP 


Useful work delivered at# . 
turbine shaft 


4 £ f w; + /} ft- lh»- per sec. 


/. Nett efficiency of) IIi^K^y+a^B 

turbine 1 ~ //' 

While the gross efficiency ] 
of the plant, including I // — Hi , k^f±g^ b 
• supply and discharge H 

pipes 


Art. 144.— -Thickness of Vanes. 

So far no account has been t^iken of the fact that the vanes ciust Jbe 
made of a certain thickness, and therefore reduce the effective ar(^ 
of the guide and wheel passages. The necessary corrections for this 
in the case of an inward flow turbine nnjy be made as follows : — ' 

Let t be the vane thickness, and n the number of vanes which cut the 
circumference under consideration. ^ 

At inlet, the area of guide vane circle occupied by these vanes '= 
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cosec a (approx.), while the area of bucket vane circle '=zh 2 rhh cosec j3 
(approx.). 

At outlet the ami of bucket vane circle := hi fg cosec y (approx.), 
where a, /3, and y, are the angles as calculated when neglecting the blade 
thickness. 

Thus the outlet area is reduced in the ratio 

cosoc_y 

U 77 J3 >>3 


fa (true) =*f 3 (approx.) | 1 - ^ 

For fs to be kept the aaine we must then either have ■ ^ 

^ tan y (approX.) 

1 

, or the breadth hi must be increased in the same 


I — '//2 h cosec y’ 

77 I'i 


ratio. 

Similar corrections may bo apjdied at the inlet to the buckets and the 
outloj from the guides. 

Allowance should be made for the difference in radii between the guide 
and wheel vane circles, and in order to keep the velocity of flow constant 

where the water loaves the guides and enters the wheel, the breadth b of 

the guides may be made slightly different' to that of the vanes, so as 
to keep the area through which radial flow takes place, constant. We 
then have — 

y — I ? ^ 'tf 2 h cosec i8 

^ ~ I 2 TT Vi — Hi ti cosec a 

This is only approximate since the passage of the wheel vanes before 
the guide passages tends to diminish the effective area of the latter, while 
the effective area of the wheel at inlet is similarly diminished by the 
presence of the guide vanes. Suffleient data are not available to fix the 
best number of wheel vanes in any particular case ; the greater the 
number, the more perfect is the guidance given to the water, although 
at the same time frictional losses are increased. The longer the water 
passages the fewer the vanes necessary to give sufficient guidance. In 
the cme of a number of modern inwand radial flow turbines examined 
by the author, and of sizes ranging from 3 inches diameter to 66 inches 
diameter, the number of vanes was given with fair accuracy by the 
relation n = kV d, where d = diameter in inches and where A: is a 
coefficient varying from about 7'7 in the smaller to 8'4 in the larger 
wheels and having a mean value = 8. 
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In general, with swivelling vanes, the number of guide vanes is made 
slightly less than the number of wheel vapes, while with stationary 
guides the number is usually slightly greater. The Ihiclaiess t varies 
from J inch in a small turbine with steel plate vanes to about J inch in a 
large turbine with cast vanes. In high-class turbines the vapes have 
rounded edges at entrance and exit, so that the elective value of t 
generally varies from about inch to inch. 


Art. 145.— Curvature of 


V 


ANES. 


So long as the inlet and outlet angles of the vanes are correctly pro- 
portioned, the shape of the vane between these points only affects the 
eiBficiency in so far as it tends to give steady or unsteady motion in the 
stream. To this end the design should be such that the passages are 
nowhere divergent, and that any changes of curvature are as gradual as 
possible. The first of these requirements is more easily satisfied in the 
iAward flow than in the outward flow turbine. With this requirement 
fulfilled, the most efficient vane curve will be that with which the chan^^o 
in curvature of the path of the stream is most gradual, and to determine 
this it is advisable to set out a diagram showing for any propost^d vane 
the true path of the particles of water in passing through tlui wheel. 
Two such diagrams are shown in Fig. 259, in whi(jh (a) sliows the true 
path where the velocity of flo^ is uniform, and (h) where the velocity of 
flow varies inversely as the Radius. To construct diagram (u), a series 
of equidistant circles are set out between the inner and outer vane 
circles. If 8 be the radial distance between each pair of these, the 


tfme for a particle to pass from one to the other = j. seconds. Next set 
.out the same nupiber of equidistant vapes, the distance apart on the outer 
vane circle being w vq y feet. A particle leaving the intersection of the 
first circle and first vane will then be at the intersection of the second 


circle and vane after an interval of time seconds and sb on, so that 

j ^ » ''' 

the path of the particle can be st etched in, as at I m, 

Where the velocity of flow is not uniform, the only difference in the ' 
construction is that the intermediate circles are not equidistant hut are 
$0 spaced that the particle travels radially from one to the other jn equal 
^terVals of time. Thus in case (h) a radius o a 'being drawn, h right: 
ttnffled triangle o ah constructed on this and lines c d. ci d^, etc., drawn.. 
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cutting off equal areas . ^2 ci d, etc., from the triangle. Circles drawn 
through Cl, C 2 , etc., will ik^w, by their intersections with the equidistant 
vanes, give points on the path U m' of a particle. 

These curves may be utilized to obtain the absolute velocity of the 
water md the relative velocity of water and vane at any radius, for 
if at any point P of radius r, P q be drawn perpendicular to 0 P and 
equal to w r, and ii q k be drawni parallel to the tangent to the vane at 



Fio, 259.— Sketch showing actual path of particles of water through an Inward 
lladial l''low Turbine. 


P and P k be drawn tangential to the curve at P, then since the actual 
velocity of the particle at P is compounded of the velocity of the vane at 
P, i.c., of 0 ) r, and of its velocity relative to the vane, and since its actual 
velocity is tangential to the curve at P and its relative velocity is parallel 
to the vane, P q k serves as the triangle of velocities at P, and Plc ss 
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the absolute velocity while qk=. the relative velocity i\ of water and 
vane. 

By obtaining i\ in this w[j,y the pressure “ji” at any radius r may be 
easily obtained by an application of the formula 

^ = P 2 — — 2 'f'r^ } lbs. per BC[uare foot, 

where u and refer to a point at radius r. 


Example. 


A turbine runner has an outer diameter of .5 feet G inches and an inner 
diameter 4 feet 3 inches. It makes 300 revolutions per minute. The 
space occupied by the blades being divided into five concentric strips, 
each inches wide, it is found graphically that the relative velocities at 
the centres of these strips, commencing at the outside are, 

2G ; 24 ; 2G ; 40 ; 65 feet per second. 

The relative velocity at entrance is 27 feet per second and at exit is 76 feet 
per second. The pressure head at inlet is 125*5 feet. 

Denoting these strips by a, h, r, d, e, we have ^ 

Pa = P^ - JJJ] i (8()-5)2 - (8-l-5)» + (2(;f - {2.1 f ! 

= p2 — 280. 

P, = P^ - { (8G-5)^ - (80-5)^ + - (27/ ! 

. . =j)2-820. ^ 

69 ’4 

Pc = P‘i - 1 (80-5/ - (76-5/ + (20/ - (27/ } 

= Pi - 1 , 510 . 

Pu = B 1 (86-5/ - (72-6/ + (40/ - (27^) } 

= p2 - 3,010. 

Pe=l>^-^^{ (86-6/ -<68-8/ + (05/ -‘(27/ ) 

= Pa - 6,040. 

At exit J>« = 3>a - { (86-J/ - (60-8/ + (76/ - (27/ ) 


= P2 — 7,810. 

7:810 -125-3 feet. 


w 


62*4 


"" This affords a check as to the accuracy of the construction. Assuming" 
the nressure over the corresponding portion of the back face of the diip, 
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to be lbs. per square foot, the total unbalanced pressure -over this 
portion, in the direction ot the suction tube is equal to 


2 TT X 1*5 
12 


32-25 

12 


[( 

/27-75 

V 12 


X 280 


X 8,010 


■) + 


X 820 
26-25 


X 6,040 


J lbs. 


= -7854 { 752 + 2,105 + 3,680 + 6,960 + 13,210 } 
= 21,000 lbs. 


Art. 146. — The Outward Radial Flow Pressure Turbine. 

The general details of design of the outward flow turbine are 
exactly the same as for the inward flow type, and the same symbols and 
equations apply throughout. 

Now, however/ w = -“is less than unity, so that in equation (16), 
p. 539, 

— Pa 1 ^\ \ 

~ W rV ’ 2 p 

the term (^1 is negative, while, strictly speaking, the second 

term of the equation ceases to apply, since the flow now takes place 
through a series of diverging channels, and eddy formation is in con- 
sequence set up. 

Centrifugal force now aids the flow through the turbine, and an 

. , :■ 

increase in speed, by increasing the term _ \ R , decreases the 

2 g 

inlet pressure, and causes an increased flow through the wheel. This 
turbine is in consequence difficult to govern satisfactorily. To reduce 

this effect as far as possible the term ^ "" I ^ should be small. This 

necessitates n or — being made as nearly unity as practicable, and 
^8 

necessitates a bucket depth as small as is compatible with easy curves 
connecting inlet and outlet lips. In general ?'a is made from 1*20 to 
1*25 times rg. 

Owing to the high peripheral velocity at exit, it is now impractic^ 
able to design the exit angles so as to make the velocity of whirl at exit 
equal to zero. The losses due to rejection of kinetic energy are thus in 
general higher with this than with the inward flow type. 
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In this type of turbine is generally given a value about *25 s/ 2 g 
while 112 varies from ['bb to •62] g IF. In general y lies between 
20® and 80®, and in liigh-cluss turbines a lies between 20® and 25°. 


Art. 147. — Axial Flow Pressure Turuine. 


Here the general theory is the same as for the inward and outward 
radial flow types of turbine, and the same demonstrations hold good 
if it be remembered that 9*2 = 9*a = r ; ?/2 = Wa = " r ; w = 1 . 

If, as assumed in the previous cases, the plane of the wheel is hori- 
zontal, the equation of energy now becomes : — 

W ^ IF 2 ^ ^ wheel + losses from (2) to 

(8) - h } per lb. 

where h = depth of wheel. 

This assumes no . velocity of whirl at exit, so that /a = % 

Also, from equation (16), p. 589, 

V ‘2 — Pa __ /a^ cosec V cosec , ‘ 

ir ~ Yg ~ 


the term 


if£ 

'^9 


^1 — expressing the centrifugal effect, now vanishing. 

Here /a generally equals frpra [*175 to *225] s/ 2 g {W — h), while iiq 
varies ’froih [*62 to *68] {ir — h). a varies from 16® to 22°, while 
y varies from 15® to 25®. 

Evidently with a given value of a and of jS, at only one point in the 
'Radius of the wheel for any given speed, will the conditions be suit- 
able for entrance without shock. For entrance without shock at all 
radii, the value of p should change continuously, so as to suit the corre- 
sponding peripheral speed. This construction is seldom carried out in 
practice, it l)eing usual to have helical vanes, with radial inlet and outlet 
edges, both for guides and wheel, and to give a and p their correct 
values at the mean radius. With such vanes, having a constant pitch, 
the angle of inclination diminishes as the radius increases, and wh^le i 
'this is an advantage in the case of the guides, it is the reverse in the caflcr' 
of the wheel, where the value of p for no shock should increase withi 
the peripheral velocity and therefore with the radius. Bettef result? 
woqld be obtained by giving the wheel vanes the same angle at, all radii, , 
although if the width of the buckets is small— not exceeding ^ the wheel ; 
er — the loss from shock is trifling. 
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Art. 148.~American Type : Combined Kadial Inward ii’LOW and 
Axial Discharge Pressure Turbines. 

Here, as iu the inward flow type of wheal, ' the turbine is to a certain 
ixtent sejf- regulating. The design of the vanes at inlet is regulated by 
he laws governing the design of the inward flow wheel and at outlet 
)y the laws governing that of the axial flow type. In general, a higher 
leripheral velocity is adopted for this typo, this varying from '7 to *75 
1^/2 g h for maximum elhciency at full gate. Where regulated by 
yliiider gates, the speed for niaxi- 
num efliciency falls to from *57 
lO ‘61 2 g IT at half gate, the 

efficiency under these conditions 
trying from about 80 per cent. 
it full gate to 65 per cent, at half 
jate 

With the better makes of this 
;lass of machine, having inlet 
ingles of about the same magni- 
tude as those of the Francis and 
Thomson turbines, the full load 
efficiency would appear to be 
almost, if not quite, as high as is 
attainable with either of the latter 
types. 

The correct inclination of the 
tangent plane to the vane at dis- 
charge, at any radius, may he 
determined on the assumption 
that when the wheel runs full 
there is no relative radial interchange of the particles of water. The 
turbine may then be imagined as subdivided into a series of n elements 
each having a depth at inlet = 5 — and a width at outlet = Z n, 
where h is the depth of the wheel at inlet and I is the length of the dis- 
charging periphery of each bucket (Fig! 260). It then becomes easy to 
calculate the respective angles of inclination to the horizontal and the 
vertical at the mid point of each element at outlet in order that the dis- 
charge may be as nearly as possible axial, and so to obtain the contours 
of the vane. 

This method cannot, however, be relied nnnn tn uriye very accurate 
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results, sihce the velocity of flow across the whole outlet area will not be 
equal. This follows because of the reduced resistance to flow through 
those elements which offer the shorter path to the water, and in which at 
the same time, because of their shorter radial length, the resistance to 
inward flow caused by the centrifugal action of the water, is leasi. Thus 
the velocity of flow will be greater in those elements of the discharge 
area which are at a greater distance from the centre. 

It thus becomes necessary for accurate results to treat each section as 
a separate turbine with given inlet and outlet pressures, and so to 
calculate the relative flow per unit area across each section. 

This involves very elaborate calculations,^ and the more usual method 
in practice is to determine the correct mean angle for the outflow at the 
point of mean radius on the assumption that this outflow is uniform over 
,the whole section. 


Art. 149,— Impulse Turiune of the Girard Type. 


Here the pressure remains constant throughout the turbine, being 
either atmospheric or th'at corresponding to the air pressure inside the 
turbine casing, so that jh = 

As in the pressure turbine, the work dpiie by the water, assuming the 
vanes designed to give no velocity of whirl at exit, is given by 

U = u ‘2 ’^2 foot lbs. per second. 

The equation of energy— 

£? 4. ’‘'s'" 4. /l. 4. 

g' 

■<Iqow simplifies to 

// = 2tt'a«2. . (1) 

Writing /s = kf^, this becomes— 

"'s’ + (1 — = 2 ri’a «a- (2) 


K fi =/3. k = l, this reduces, to wa = and since i>J -f /a* 


= C, '2g ir, where = •1)7 (approximately) 

^ V c7x 2 7H' -7a^ 


«a: 


C.VYgU', . 

2 — (approx.). 


1 'Fora milt ncmatical invest igat ion into this matter the readct may consult an article by 
.Professor Lorenz, ZeiUchrift des Vereines Deutsoher Irigenieure, October, 1905. (p. 1670)^ or 
Theorie der Francis Turhinen, Fritz Oesterien. Berlin. Julius Springer. 
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BO that the peripheral speed for maximum efficiency is approximately 
half that due to the supply lead. 

Since the kinetic energy rejected at discharge increases with an increase 
in /g, it is necessary to keep this as small as possible, so that in practice 
the vanes are usually designed to give k a value between J and J, while /a 
is given a value about '4.0 V 2 g H'. On this assumption, we have — 

= 0,2 X 2g ir 
= 2glV 1 6 ? - 16 } 

= *781 X2g ir 
u'n = ‘884 V 2 ^ H', 

Again, = tan a 

••• tan«=-^„^ = -453 


a — 24° 24' (approximately). 
Assuming k = i, and writing (2) in the form 


this hecomes on substituting 

Wa ~ “ 2 ^ { 1 "b f: tan ]■ 

= *577 u-a = *525 (\ 

so that the peripheral speed of the wheel is slightly greater than half 
that corresponding to the supply head. 

Again, since /a cot p = wa — wa 

= (1 - *577) 

we have cot /3 = *428 cot a 

■“ *453 ~ 


(1 k^)f2^ 


Again, 


p = 47° (approximately), 
/g == Wg tan y 


= 1/3 ■ 


ra 


ton y. 


In ijie case of an axial flow turbine rg = ra, so that 
/g = tta tan y 


tan y = 


/c/a __ k 7/2 tan a 


•577 7/2 
, tan a = *393 


Ma , 

_ *5 
“ *577 

y == 21° 30' (approximately). 
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Evidently the whole series of angles depends entirely on the value lo ^ 
be given to /2. 

If the relative velocity of water and vane is unaltered by its passage 
through the wheel, wo have 


/a cosec p =fs cosec y 


amp ^ „ 1 

siny^/a”/? 

Again, the elTcctivo sectional area of the wheel passages at inlet 
= 2 TT 72 h ^m p, and at outlet = 2 ir 7-3 hu am y (neglecting the thick- 
ness of the vanes), and since the effective area should increase rather 



Fig. 261. Turbine with Oiilward Ka iial Flow. 


than diminish towards the outlet, in order to giv<3 free deviation of the 
jet, we must have 

2 TT ra 63 sin y = ^ 

2 77 7*2 1)2 sin P > 

In’Un axial flow machine this makes equal to or greater 


than 1, so that must be equal to or greater than ^ 


This necessitates 


the buckets being splayed out towards the exit as illustrated in Fig. 261. 

The buckets should not be more than *9 full at entrance, and *75 full 
, at outlet. The pitch of the guides should then be less than that of the 
wheel vanes, the breadth 62 being calculated to give the necessary 
proportion full at entrance. 

. ^ The pitch of the vanes should be small to avoid excessive loss, by shock 
at entrance when th'e tip of the wheel vanes has passed the corresponding 
^guide vane. 
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The actual path, k d, oi a particle through the wheel may be drawn 
as in the case of the pressure turbine, except that now, in the case of an 
axial flow turbine, the relative velocity of water and vane is fixed, ^ while 
the velocity of flow varies. In this case, then, a series of equidistant 
points 4)11 the curve of the vane being taken from entrance to exit, the 
joints in which concentric circles through these points cut corresponding 
equidistant vane [xisitions will give points on the true path of the 
particle, the time i’e(|uirod for the particle to travel from point to point 
along the vane being equal to the time required for the vane to travel 
from one position to the next. 

Once a and y have been determined, the peripheral speed for maximum 
efficiency may readily be obtained graphically. 

Thus, with the usual notation, a h e and d cf (Fig. 2G3) represent the 
triangles of velocity for the inlet and outlet edges of an impulse turbine. 
In an axial flow turbine the relative velocity d fat exit will be equal to 
that of a c at inlet. In an outward flow turbine d/will be greater, but, 
as previously explained, may be determined graphically. 

Also for maximum efficiency the velocity of the water on leaving the 

1 Except as m(xiif!<*d by the iiilluence of gravity. Neglecting frictional resigtanccs and 
windage, this is true so long as every portion of tl'C vane over which a given (ilariieiit passes 
is moving at the same sped, as is the ease in an axial How laachice wIkmc the path of each 
particle is presumably parallel to the axis. If, how- 
ever, (iifferent portions of the surface with which a 
particle comes in contact have different velocities 
as in the case of a radial tlow turbine, the relative 
velocity is no longer con.‘'tant. It may, however, Ixj 
detenu neil graphically, since it will be the resultant 
of the rilat’'ve velocity at inlet, and of the com- 
ponent 111 the direction of the vane at the required 
point, of the relative velocity of the vane at that 
point and at inlet. Thus, if in Fig. 2G2, 

n a ~ relative velocity at inlet 
a h =s velocity of vane at inlet 
c d = velj^eity of vane at out let 

m c p = y. 

Then d e ~ relative velocity of vane at outlet and 
at inlet, and ef, drawn parallel to c in, represents 
the con^poiient of this in the direction of the vane 
at outlet. If then c It = n a, and if c k be produceif Fin. 2G2. 

to m where km = e f, the relative velocity at out- 
let is represented by e w. Where, in the case of a (iirard turbine, the ratio of outer and inner 
radii = r2.'5 with a value of 7 = 2r the actual relative velocity at outlet is approximately 
1-23 times that at inlet. Frictional resistance will, however, reduce this by some unknown 
amount, and will probably bring the ratio down to about lUO. In any case, the effect on the 
value of 7 for maximum efficiency will be slight, the effect being to reduce this value, and this 
should be taken into account in arranging the design (sec Fig. 261).^ 
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buckets must h»ve a minimum value so that e f must be perpendicular 
to d e. 

If then a straight lino, // a\ bo drawn to represent v, and if a right- 

angled triangle, V a! be described on h' a\ the angle b' a' e' being 
equal to a, the side a' e' will represent 2 u. In the case of a radial flow 





turbine the construction is modified as shown in Fig. 203 fc, where c u 
represents the relative velocity at exit. 

Abt. 150.— -Effect of Centrifugal Action* 

in an axial flow impulse turbine with radial vanes, centrifugal action 
tends to heap up the water towards the outside of the buckets and so to 
^cause an unevenness of flow which militates against efficient working. 

Thus in Fig. 264 a particle of water entering at P (in plan) tends 
W fdlow js. path P A instead of its actual path P B, The outer partiqleft,,, 



THEORY OP '^RBINE DESIGN 





\ 


are prevented from following the path PA hy the action of the outer 
walls of the bucket, but at points nearer the centre of rotation this con* 
straint is absent and the particles 
tend to follow their natural paths. 

The relative motion which then takes 
place may be prevented by designing 
the buckets so that the actual path 
of each particle, in plan, is a straight 
line perpendicular to the radius. In 
this case, if Q is the middle point of 
the bucket at inlet, 11 will be its 
middle point at outlet, and the bucket 
will be splayed out symmetrically 
about 11 instead of 
A second method which has been 
adopted consists in making the 
outlet edge at 1\ parallel to P Sf 
instead of being radial, where 

S P 0 = A P B, The inlet edge G 7.) is then made parallel to this, 
with the result that the length of path traversed by the various particles 
becomes more nearly equal and the relative motion is largely prevented. 


\ 


V 


\\ 


Fig. 2G4. 
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Art. 151. General Comi'artson of Impulse and Pressure 
Turrines. 

The impulse wheel, having a peripheral velocity of approximately; 
J ^ //, as against about 7 s/ g 11 for the pressure turbine, is, well 

fitted for very high falls. For the same reason its velocity becomes low^ 
under low heads, and this renders it unsuitable fof driving eleotriov 
generating machinery under such conditions. Further, with low falls 
the percentage vJlriation in head is generally comparatively large, and . 
the difficulty of maintaining the speed approximately constant, and 
of maintaining the efficiency under such head variations, is great. 
On the other hand, the part gate efficiency is high whore the head 
is constant and where the load or supply is variable. Either type 
may be used for any head up to 500 feet, though the impulse type ie 
preferable for heads above about 200 fee't, except for very large powere 
Also with either type full load efficiencies of al>out 85 per cent, may be 
obtained under favourable circumstances, the more modern tyjje oi 
Francis turbines with swivel guides having a slight advantage in thii 
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respect. Either type may be used in connection with a suction tube, 
though the pressure turbine ‘ mds itself more readily to this construction 
ftnd has the further advantage that it may be drowned without loss of 
efficiency. The efficiency of the pressure wheel is not so sensitive to 
changes of supply pressure as that of the impulse wheel, and therefore 
this type is better fitted for work under a variable head. On the other 
hand, except when fitted with swivelling guide blades, its part gate 
efficiency is low. Apart from the conditions outlined, the possibilities of 
accurate speed regulation are aboi * equal in the two typos. 

While the cost of the machine depends largely on the type and form of 
construction, the capital costs of a pressure and an impulse turbine to 
give equally good results as regards efficiency a’^d speed regulation are 
practically equal for a head of about 175 feet. For greater heads the 
pressure turbine, and for lower heads the impulse turbine, becomes the 
more expensive. 


Art. 152.— The Stand Pipe. 

The advantages of a stand pipe in increasing the possibilities o^f 
accurate speed regulation on an increasing load have already been 
indicated, and, as will be readily understood, the larger the area of this 
pipe the more satisfactory are the results likely to be. Mechanical 
difficulties, as well as considerations of first cost, however, limit the 
maximum permissible size, mid it becomes important to determine what 
minimunrsize of pipe will enable satisfactory speed regulation to be 
performed. 

.,,^The following investigation, though only approximate, gives results 
which are sufficiently near to enable the necessary size to be estimated 
, with fair accuracy. 

Ill this investigation, which will take the form of a specific example, 
the horse power of the turbine, its efficiency, the diameter of the penstock, 
its length, and the working head, arq assumed as being known, as is the 
maximum increase in load likely to occur at any one time. This enables 
the necessary velocity of flow along the penstock to he determined both 
before the increase in load and ^fter the velocity has again become con- 
stant after this increase. By applying the equation of energy in the two 
cAses, the pressure, at the stand pipe, and thus the free level may be 
obtained, from which the fall in level, and hence the volume of water 
leaving the stand pipe during the change, may be obtained in terms of 
lib^ area. The energy entering the wheel from the stand pipe may then 
he e^culated. and. if it be assumed that the acceleration in the nenetoek is 
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sensibly uniform, the energy entering the wheel from tne supply reserYuir 
during the change may also be calculated, so that the total energy sup- 
plied to the wheel during the period of transition may be obtained^ 
Equating this to the energy required to develop the required hcurse, 
power, the time necessary to produce the required change in the velocity 
of flow* and hence the. acceleration may be calculated in terms of the 
stand pipe area. Having obtained this, it only remains to equate to the 
maximum acceleration consistet with good speed regulation. 

The value of the latter factor depends largely on the exa"i requirements 
of the plant as regards speed regulation. Where this is to be very close, 
as in a plant for electric driving, the acceleration should not exceed that 
given by the formula 


•075 

a = — j -- — ft. per sec. per sec. 
= 2*4 ft. per sec. per sec. 


ExAMPIiB. 

Consider a turbine, supplied under a head of 00 feet, through a pen- 
stock 4 feet diameter and 200 feet long, and working under a normal 
load of 800 Ihli.P. Assuming the efiiciency of the turbine to be *80, 

, ^ 800 X 550 

this necessitates a supply of energy = — 


= 206,000 foot lbs. 


per second. 

And since the energy entering the wheel ) _ ^ 2-4 a v h — 
casing per second j 

Where a ~ area of penstock = 12*57 square feet. 

h = supply head = 60 feet. 

/ = coefficient of friction = *005 (say). 

This gives on substitution and reduction — 

V = 4*4 feet per second 
as the velocity o| flow along the penstock. 

Similarly, if the maximum increase in load is one of 50 per cent, up to 
450 H.P., the new velocity, when steady flow is once more attained, will 
be 6*64 feet per second. 

Now, if hj is the head at the entAince to the turbine casing, and 
therefore at the stand pipe, we have, in the first case— 


hj = k • 


2 




= 60 - -3 (1 + 1 ) 
= 60-4 feet. 
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While in the second case, when v = 6‘64, we have — 
hi = 60 - -685 X 2 
= 58-68 feet. 

rt 

Fall in level at stand pipe = *77 feet. 

The mean height in stand pipe = 59-0 feet, so that if A is its area, 
the energy leaving durijig the transition 

= ‘81 X 59 X 62*4 X A foot lbs. 

= 2,830 A foot lbs. 


The energy entering the casing from the penstock in the same interval 
of time, ti seconds, is given by 

Vi 


62-4 a V I h - 

>0 2;/wi 


d t 


and, assiuning uniform acceleration so that — = u, and writing 

2-24 

V = I'i. -]- a t = 4‘4 + - 7 - • t, this becomes 
u 

G2‘4 ^ I (^’1 + a 0 — (0 + a //* j d t 


= 784 fi' (00 X 4-4) + (30 X 2-24) 

2-24 ) + (4-4 X 2-24'-‘)+ -^-}] 

= 784 /, 1 204 + 67-2 - 2-7 1 
= 257,500 fi foot lbs. 


ror speed to be maintained with the increased load, we must 
'havq,:— 

* 450 y 550 

2,830 A + 257,500 h = X h (1) 


/. A 


= 809,000 h 


51,500 
“ 2,830 '> 


18-20 h 


or /i = ‘055 A, 


,,ThuB the acceleration of the supply column, corresponding to any 

increase in load, varies inversely as the area of the stand pipe. 

2‘24 2*24 

With a 4 foot stand pipe a = -^ = y 

= 3*16 f.8.s. 
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Applying the rule a = 2*4 *7 = 


2*4 X 60 


*72 Ls.s., this gives us 


A = 56*5 square feet, 

corresponding to a diameter at the top of H'48 feet. 

The stand pipe would in this case take the form of a vertical pipe about 
3 feet in diameter, and carrying a circular cistern 8 feet 6 inches in 
diameter at the top, the top of this cistern being about 62 feet above the 
centre line of the turbine and its depth about 3 feet 3 inches, thus 
leaving a depth of water equal to 8*25 — 2*0 — *81 = *44 feet, when 
working under full over-load. 

The stand pipe is not usually fitted where the supply head is above 
200 feet. In the power plant of the St. Louis Hydro-Electric Company,^ 
the total head is 880 feet, developed on a pipe lino about 5,000 feet long. 
\yben finally completed there are to be eight parallel pipes, each 7 feet 
in diameter, coupled to a transverse receiver 500 feet hack from the power 
house, which receiver is itself at an elevation of 145 feet. From the 
receiver, an open stand pipe 285 feet long and 6 feet diameter, carrying 
at the top a circular tank 80 feet in diameter, is erected. 

The whole plant is intended to consist of eight units of 18,000 
each, the stand pipe being designed to supply sufficient energy for an 
additional sudden demand of 10,000 B.H.P. 

Ill the Wenatchee lliver Power Plant ^ three 4,000 K.W. Francis 
turbines are supplied under a head of 200 feet through a pipe line 8*5 feet 
diameter and 2*5 miles long. In this plant a surge pipe 8 feet diameter 
is provided, the overflow level being 7 feet above the crest of the dam. 


Art. 153. — Flywheel Effect. 


So far, the effect of any flyw^tieel which may be fiited to the turbine 
shaft has been neglected, the rules already given applying where no 
special flywheelns fitted. 

To, consider the effect of such a wheel it must be remembered that 
the total store of kinetic energy in a wheel of weight W lbs. and of 


effective radius r feet when rotating at a speed of « radians per second!' 

/ . , . . . 1 ^ 2 TrN\ . , 1 IPra a 

\N revolutions per minute, where a> = j » is ^final to ^ 


foot lbs. = ^ I (D®, where I = moment of inertia of wheel. If then 


1 The Engineer, February 15, 1907, p. 155. 


* The Engineer^ February 18, 1910, p. 166. 
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the speed of such a wheel is reduced from coi to ( 02 , the store of energy 
given out == 1 1 ^ I («*>i + ^^ 2 ) 1*^1 “ wg) = 5 E, 

and if w is the mean angular velocity, this may be written : — 

^Ico «<*>= .y 

1 , , 3 0) 3 E 

2 d) 

Putting ^ I = E, this becomes 

3 (0 3 E 

2 E 


I.C., the proportional change in the store of energy in the wheel is twice 
as great as the proportional change in velocity. 

Suppose, for instance, in tbe numerical example just considered (p. 565), 
the turbine, rotatitig at a mean speed of 240 revolutions per minute 
(ft) = 8 tt), to be fitted with a flywheel weighing 5 tons and having an 

effective radius of 2*5 feet. The value of E = ^ I now becomes > 


1 5 X 2,^0 
2 ' 82*2 


X f X 04 7^2 


= 687,000 foot lbs. 

If the maximum speed Variation on throwing on the excess load 


is to be 4 per cent, of the n#in, so that 


*04, we have 3 E, the 


energy given out by the wheel during its retardation, given by 
3 E = 2 X *04 X 687,000 foot lbs. 

/ = 55,000 foot Jbs. 

If the same acceleration in the penstock be assumed, the amount of 
energy, required fr/jin the stand pipe during the transition may be reduced 
by this amount, and since each square foot of stand pipe area gives up 


2,830 foot lbs. of energy, this area may be reduced 


By 


55.000 

2,830 


square 


feet = 19*4 square feet. 

This gives an area = 58*6 - 19*4 = 84*2 square feet, an'd a diameter^ 
of 6 feet 6 inches, as against 8 fdbt 6 inches without the wheel. 

Evidently with a sufficiently heavy flywheel it would be possible to 
eliminate the upper cistern altogether. 

, For further information on this subject, Papers by R, D. Johilson^ 
aiid by Professor Irving P. Church 2 should be consulted. 


^ Am. Soc. C.K., June, 1908, p. 443. 

*. Cdi'nell Civil Vingineer, December, 1911, p. 114, 
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(1) Show that in a reaction turbine working under conditions of 
maximum efficiency, the efficiency is given by^ 

, = 2(l-c)cOS=a(l-‘-;|“) 

where e measures the proportion of energy existing in the form of 
pressure energy, in the water at entrance to the wheel. 

(2) The angle of the guide blades in an I.F. reaction turbine is 12®, the 
peripheral speed is 32 feet per second, and the velocity of the water at 
inlet is 86 foot per second. Determine theoretical vane angles at inlet 
and outlet, the inner being | the outer diameter and the velocity of flow 
constant. 

( Inlet angle = 67®. 
nswer. angle = 17® 20'. 

(3) If in the previous example the head is 36 feet, the B.H.P. 50, the 
gross efficiency 82 per cent,, what must be the effective area of the wheel 
inlet, assuming a coefficient of contraction of ’96. 

Answer. 2*10 square feet. 

(4) The external and internal diameters of an I.F. reaction turbine are 
4 feet und 2 feet 8 inches, the vanes are radial at inlet, the velocity of 
flow through the wheel is = J s/Y~glI\ and the peripheral velocity is 

JV t 

that due to a fall through Determine the vane angle at outlet for 

the water to be discharged without any tangential velocity. 

Answer. 17® 27'. 

(5) If in the turbine of the preceding question the vandte at outlet make 
an angle of 20® with the circumference, determine the speed at which 
the wheel should run ; the velocity of flow ; and the pressure and kinetic 
heads in the supply chamber, in terms of the available head H\ 
and also determine the angle which the guide blades make with the 
circumference. 

Answer. 

Devolutions per minute = 4*71 *,/<///' a = 10® !!'• 

Velocity of flow, f = -7 V 
Pressure head = *492 W 

Kinetic head = *608 H'. 
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(6) A Jonval turbine works under a head of 13’6 feet. The meat 
diameter is 8 feet, the width of buckets =^17f inches, the number o: 
revolutions 46 per minute, and the turbine develops 266 horse power wit! 
an efficiency of 86 per cent. The number of vanes is thirty -eight, these 
being inch thick. Assuming guide angles of 18°, and a coefficient ol 
discharge of *9, determine the velocity of exit from the guides, and the 
inlet and outlet angles of the wheel vanes for entry without shock and 
for rejection of water without velocity of whirl. Assume a coefficient oi 
discharge of *9 for the discharge orifices. 

(7) The following are details of an outward flow reaction turbine ; — 
a = 28°; i3 = 90°; y = 22°; 

r 2 = 8-876 feet ; = 4*146 feet ; 

hi = *971 feet; = *937 feet ; = *932 feet; 

ni = 83 ; wa = 44; ti = *0083 feet; /a = *0117 feet. 

Measured outflow area of guide passages = 6*537 square feet. 

,, „ „ buckets = 7*687 „ 

The available head is 13 feet. Determine the number of revolutions 
for maximum efficiency, and determine the hydraulic efficiency under 
such conditions. ‘ 

(8) The followirpg are details of a 800 H.P. outward radial flow Girard 
turbine ; — 

a = 20° ; ^ = 36° ; y nf 30° ; ra = 4*4 feet ; 7*a = 4*71 feet ; = ?)a = 

4*91 inches ; bs = 16*14 inche^. The effective head is 595*5 feet, and the 
coefficient of discharge fron/the guide passages is found to be '85, the 
coefficient of velocity being *92. Calculate the speed of rotation (actually 
200 per minute) for maximum efficiency. 
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The Hydraulic Engine— Brotherhood — Rigg— Theory of Action— Losses— r'»rt Areas. 

Art. 154. — The Hydraulic Engine. 

Where a supply of high pressure water is available, and where inter- 
mittent rotary motion at a moderate speed is desired, the reciprocating 
piston engine has certain advantages, particularly where it is able to. work 
at or near full load, and where the speed variation may be excessive, as 
occurs, for example, in tlio working of a cai)8tan. For such work the^ 
rotar} motor is out of the question, both on account of the necessity 
for gearing to reduce its necessarily high speed, and of the great 
reduction in its elliciency under variable si>eed conditions. The recipro- 
cating engine, howeveu’, having an efficiency which is approximately 
independent of its speed, and being compact, is particularly well adapted 
for such work. For small powers, too, where the load is fairly constant, 
such M.S for driving ventilating fans, organ bellows, etc., its high 
efficiency and the absence of noise connected with its use often render 
it, in the absence of an electric supply, the most suitable motor to 
use. 

One of the most widely used types of engine is the Brotherhood 
(Fig. 265), which is designed to work with pressures from 60 lbs. to 
1,050 lbs. per square inch. 

Here three single acting cylindeis fitted with trunk pistons are fixed 
radially at 120"^ to an external cylindrical casing, the three connecting 
rods working on single crank pin. Each cylinder is fitted with a 
single inlet and outlet port, the opening of this to supply and exhaust 
being regulated by the rotary valve shown at D in Fig. 265. 

This valve is rotated by the crank shaft, and carries passages con- 
necting with the pressure supply and the* exhaust which are alternately 
presented before the port of each cylinder in turn. The method of 
keeping the rotating joints tight against such high pressures is indicated 
in the sketch. Here A is a leather joint washer, on which the back nut B 
rotates, the play due to wear on the joint being taken up by the expan- 
sion of the rubber ring C, which rotates with the valve and back nut. The, 




' FlQ, 265.— brotherhood Hydraulic Engine : Cylinders oj inches diameter x 4 inches stroke, developing 13 B.H.P. at 47 revs, 
min., with a supply pressure of 7M lbs. per square inch. (By Hydraulic Eng. Co., Ltd., Chester.) 
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valve itself bears against a lignum-vitae seat. All pistons are packed with 
** L ” leathers, and the cylinders and all working parts are lined with 
brass. 

The engine as thus constructed forms a compaci; ana serviceable motor, 
has no d^ad centre, and is built in sizes up to about *d0 B.H.P. The 
piston speed is about 30 feet per minute for all sizes, the engine shown in 
Fig. 265 having cylinders 5J inches diameter X 4-inch stroke and 
developing 13 B.H.P. at forty-seven revolutions per minute when supplied 
with water at 700 lbs. pressure. 

The full power efficiency, as measured on the brake horse power, varies 
with the working pressure from about 52 per cent, with 60 lbs. pressure, 
to 65 per cent, at 1,050 lbs. This is equivalent to an hydraulic efficiency 
of from 61 per cent, to 76 per cent. These values are probably too low 
rather than too high. 

All constant stroke engines, however, suffer from the fact that water 
cannot be used expansively, and since, to avoid shock, it is necessary to 
keep the cylinders full of water, the same energy is used whatever the load 
on the engine, causing the efficiency to be low at light or variable loads. 
It has been attempted to overcome this difficulty, but without great 
success, by cutting off the pressure supply before the end of the stroke 
and admitting low pressure water from an auxiliary supply for the rest 
of the stroke. 

A device due to Meyer consists in })roviding an air chamber at each 
end of the (double acting) cylinder. Cut-off may then take plaje before 
the end of the stroke, the air afterwards expanding and driving the 
piston. No gain in efficiency is to be anticipated from this method of 
working. 

The more usual device is h) reduce the stroke and piston displacement 
to suit the varying demands for power. In the Brotherhood engine this 
has been accomplished by the Hastie regulating device. 

As thus constru(?tcd, power is transmitted through a hollow crank shaft 
to the driving jnilley by means of a volute spring, an increase in the load 
producing a fiurher coiling of this spring. The inner end of the spring is 
fixed ta the hollow crank shaft, while the driving pulley carries a disc 
keyed to a cam shaft working inside the crank shaft. Any variation in 
the load then produces a relative rotation of the crank and cam shaft. A 
cam keyed to the latter shaft utilizes this'relative rotation to increase or 
diminish the crank radius, and thus to adapt the volume of piston dis- 
placement to the demand for power. This device is, however, seldom 
now fitted to the engine. 
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Of all variable power engines, that of Mr. K. Eigg ^ has achieved the 
greatest success in practice. 

This engine is provided mih three cylinders, fitted with plungers which 
are pivoted at their outer ends to an external cylindrical ring, which is 
itself keyed to the driving shaft. The cylinders face radially oifij wards at 
120°, are single acting, and are rigidly fixed at their inner ends to a ring 
which rotates on a fixed hollow shaft forming the supply pipe, eccentric 
with the external casing, and carrying the inlet and outlet ports. 
The rotation gf the outer ring is thus accompanied hy a reciprocating 
motion of the pistons in their cylinders, the stroke of each being twice 
the eccentricity of the two rings. There are three ports, one to each 
cylinder, and as these rotate each in turn is presented before an inlet and 
an outlet port in the central hollow shaft. Eegulation of power at con- 
stant sp ied is obtained by altering the eccentricity, and therefore the 
stroke of the engine, by means of an hydraulic relay governed by a centri- 
fugal governor. The reduction in water consumption is thus proportional 
to the reduction in the stroke. When regulating the eccentricity by hand, 
at constant power, a decrease in stroke will be accompanied by a corre- 
sponding increase in speed, the work done per second then being 
approximately the same. This method of working may be adopted for 
capstans and the like, where when hauling in slack, etc., a rapid rotation 
with very short stroke is required, while when the full pull is to be exerted 
by the rope, a long stroke and slgw rate of rotation is essential. By revers- 
ing the ^lative position of the^entre the direction of rotation is reversed. 

The speed of the engine may be anything up to about 500 revolutions 
per minute, though probably 250 revolutions marks the limit of its really 
eflfcient performance. At the latter speed the inventor claims to obtain 
efficiencies up to 80 per cent., though this value would appear to be 
'improbably high. , 

In the Armstrong type of engine, oscillating cylinders mounted side by 
side and driving on to a common crank shaft are adopted. Three cylinders 
driving cranks at 120° are usual, and are fitted, either with externally 
packed rams forming a single acting engine, or with differential rams 
having areas in the ratio 2 : 1. The smaller of these is exposed a con-* 
stant pressure head, and the engine becomes double acting with equal ' 
efforts on each stroke. The single acting engine is more commonly used. 
Admission and dischatge take place through a circular slide valve working 
within the hollow trunnions which carry the cylinders. This engine iS; 
made to develop up to about 70 B.H.P. 

i See Enainarina, vol. 45. d. 61. 
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Art. 155.--TnE0RY*0F the Hydraulic Enuine.— Horse 
Power. 

If K = number of cylinders -supposed single acting. 

•p =:* mean effective pressure in lbs. per scpiare inch in each 
cylinder. 

]V = number of revolutions per minute. 

I = length of stroke in feet. 

A = ram area in square inches. 

ThonI.H.l> 

The mechanical efficiency varies with the size and type of engine, and 
with its condition, but will be generally about 85 per cent. 

If Q = volume of water used per minute in cubic feet. 

11 = supply head in feet. 

The hydraulic efficiency 

__ indicated work o n pist on _ I A N 
“ energy in sup})iy water G2‘4 Q 11 * 
or writing Q = K I A N 144, 

. 144 V 2*31 p 

we have the hydraulic efficiency = — —jj~* 

^ . '^’000 (B.H.P.) 

The total efficiency of the system = 

= hydraulic efficiency X mechanical efficiency. ^ 

Prcmre on Piston.— ka in the reciprocating pump, the pressure on the 
piston at any point of the stroke is affected by the inertia of the supply 
column. The engine may in fact be considered as a reversed pump with 
mechanically operated valves, and the investigation into pressure condi- 
tions in the cylinder proceeds on eractly similar lines to>that in the case 
of the pump. For a further investigation of these pressure effects the 
reader is referred®to Art. 163. It maybe noted, however, that at any 
point of the stroke, where a is the piston acceleration and v its velocity, 
if u, is the area and /, the length of the supply pipe, m being its hydraulic 
moan depth, we have „ 

Head on piston | _ P supply head j* L i f.'^LAX ft *1 
in feet j L ‘ I 2 m ««) J * 

Here a is positive during the first, andtiegative during the last part of 
the stroke. 

A weighted accumulator feeding the supply pipe line has the effect of 
' increasing acceleration pressures as explained in Art. 1,93. The provision 
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of an air vessel -on the supply side of the engine materially improves the 
smoothness of running, and by maintaining 'an approximately uniform 
flow in the supply/ main, reduces frictional and shock losses and so 
increases the efficiency of the motor. The necessary dimensions of this 
air vessel depend on the number and arrangement of the cylinders ; on 
the speed and dimensions of the engine ; and on the length of supply pipe. 
If more than one cylinder is used, the cranks being placed at equal angles 
round the shaft, the velocity of flow through the supjfly pipe is consider- 
ably steadied, and indeed with the usual type of three-cylinder engine 
having cranks at 120°, becomes so nearly uniform that it becomes possible 
to dispense with the air vessel. 

For a further consideration of the questions deciding the size of the 
air vessel in any particular case reference should be made to Art. 1G8. 
With the high pressures usually adopted in these engines it becomes 
imperative either to provide some mechanical device for maintaining the 
charge of air in the vessel, or to make the vessel of ample area to main- 
tain its mean working level approximately constant over long periods of 
working. Thus the necessary size of air vessel for the engine will in 
general be slightly greater than that for the corresponding pump. ‘ 

Losses in the Hydraulic Engine.— Port Areas. — These losses are due, 
partly to friction but more particularly to shock produced at sudden 
changes of section, and are therefore approximately proportiomil to the 
square of the velocity. To reduce these, all throttling is to bo prevented as 
far as possible, inlet and outl^ ports are to be short, direct, and of ample 
area, with easy curves and with few changes in sectional area or shape. 

Where, as in some instances, the inlet ports are emptied at the end 
li^each exhaust stroke, to be refilled before the commencement of the 
uext working stroke, this is productive of a direct loss of energy, since, 
3 wing to the fapt that the fluid is inexpansive, no work is done on the 
pistoii until these ports are completely ‘ filled. This loss increases with 
the area of the ports, wliile friction losses and tho8e„due to the loss of 
the kinetic energy of entrance decrease as this area increases, so that in 


my particular case there will bo some one port area for which the total 
loss is a minimum. In the case of a single acting engine 
The loss of energy per revolution due 
to water necessary to fill inlet ports of . „ 

area a square feet and length I feet, at 
a pressure p lbs. per square inch 


Loss by friction per stroke 


= 62-4 LAX 


-foot lb|it 
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jjuHs 01 Kineuc energy per stroke i 4 r 4 t t n 

(assuming all this to *be l6st) | ' . .4 ^ 2 “ 

where L = length of stroke of piston 


7> = (liaiiietor, A = area of piston in square feet 
= mean square of velocity of flow through ports 


2 » where r® = mean square of piston velocities throughout 


a stroke. In general v may be taken as 1‘25 times the 
mean piston velocity with sufficient accuracy for practical 
calculations.^ 


Since the losses of head included under the two latter headings serve 
both to diminish the effective pressure on the working stroke and to 
increase the back pressure on the discharge, we have the total loss of 
energy per working stroke 

= 2-31 pU-^ 195 ^ f + 1 ( foot lbs. 

Substituting for A and a in terms of 1) and d, and writing m = this 


' becomes 


2'31 pld‘^ + 


195 /)« , 14/1 


+ .}]. 


4 ^ ( d ^ M J' 

Difforentiating this with respect to d and equating the result to zero, 
we have : — 


from which, by successive ai>[)roxiuiations, or by graphical solution, we 
can find d, the diameter of inlet pOrN for the total loss to, be a minimum. 
If the inlet passages are i*ectangular in section it is sufficiently near for 
practical purposes^ to make their sectional area equal to that of this 
circle. 


^ Here = L -h time to com})lete one stroke. 

If a curve be plotted having the squares of the pi4on velocities as ordinates on a displace- 
ment base, the mean heiglit of (he curve will equal ( ^ ^ . In the ease of an oscillating 
cylinder with a connecting rod equal lo Uiree cranks hi length, (he ratio -- approximately 

equal to 1*27, so (hat ^ -= I't'l. With a longer connecting rod this will be reduced, 

( 0 \2 

j will approximately equal 1*5G = ('1’25)2. ^ 
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Example. 

Hydraulic engine, 12 inches diameter, 12 inches stroke. 

j) = 750 lbs. per square' inch, mean piston velocity 3 feet per second, 
length of ports 2 feet ; / = * 01 . Here 7^ = 1 ; 7) = 1 ; / = 2 : 

We now have ^ X j 1 X [. 

Neglecting the ~ in the last factor, we get = *0157 as a first 
approximation, from which d = *50 feet. 

Substituting this value of d in the factor 1 + wo now get as a 

second approximation — 

d^ = *0157 X 1-2 = -0189, 
giving d = *515 foot = 63^3 inches. 

If this value were adopted for d in the last factor of the above 
equation, and a solution obtained as before, a still closer approximation 
to the true value would be obtained. Generally, however, a second 
approximation gives results which are sufficiently close for any practical ' 
purpose. 

If this method be applied to the design of the Brotherhood engine 
(Fig. 265), having a 5J-inch cylinder with 4-incli stroke, working at 
forty-seven revolutions' per minute {v = *52 feet per second) and 
having a port length of 18 ipches, taking/ = '010 we have : — 

_ 2-r)^X (-sa)* X f . -075 1 

‘ “ 1-5 X 3 X It)" X 750 1 " d " J 

From which we finally get d — *116 foot = 1'39 inches. 

*The area of this corresponds to that of a rectangular port 1 | inches 
wide. by inch deep, as compared with, the actual dimensions, 
If inches X | inch. 

This investigation shows the importance of having as far as possible 
separate inlet and outlet ports for these engines, or, ^there using a single 
port, of designing this so as to remain full until readmission takes place. 
Where this design is carried out the port area may be arranged to 
give a mean velocity of flow of from 2*5 to 8*5 feet per second. In the,' 
alternative case a smaller port area will in general give' better results, the 
velocity being increased up to a maximum of about 8 feet per second; 
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Pumping MachiiKiry- Tlie Sooop Whtjel The Archirncclcnn ScTew— The Tloriprocatiiig Pump 
—Types— Valves— Theory of Action Air V’essels — Positive Rotary Pump. 

Art. 150.— Pumps. 

Most hydraulic prime movers are, with slij^ht modifications, capable of 
being reversed, and when dfivon by tin external agency provide a means 
of raising water from a lower to a higher level. 

Thus the overshot water wheel corresponds to the chain and bucket 
pump ; the breast or Sagebien wheel to the scoop wheel ; the reversed 
pressure turbine gives the centrifugal pump, and the reversed recipro- 
cating engine the reciprocating pump. The capacity of each of these 
machines as a prime mover also to a large extent indicates its capacity, 
when reversed, as a pump, and just as the reciprocating engine and 
turbine are the most important types of prime mover, so the reciprocating 
piston puiu]) and the centrifugal pump are the most important types of 
pump. 

In addition to those already mentioned, we have a series of special 
types of pump, each of which is specially adapted to some particular 
combination of circumstances. Of these, the 'Archimedean fjcrow, the 
jet pump, the positive rotary pump, the hydraulic ram, and the air lift 
pump, are interesting examples and will be considered in due course. 

Art. 157.~Tiie Scoop Wheel. 

This has in the past been laigely applied to the 'drainage of fen 
districts, and simjily consists of a Sagebien wheel reversed and driven 
usually by steam power, the water then being lifted in the buckets from 
the lower to the higher level. It is fitted for lifts up to about 6 feet and 
may be constructed to deliver up to about 400 tons per minute, giving an 
etticieiTcy under favourable conditions of upwards of 7& per cent. Its 
chief advantages appear in cases where a large quantity of dehiis is 
encountered. As in th(\ Sagebien wheel, the inclination of the floats 
should be such as to prevent shock at entrance and losses at exit as far 
as possible. It is found that the best results are obtained when the 
angles which the vanes make with the water surface at entrance anif 

p p 2 
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exit are equal. If any variation is made from this, design, it is better to 
increase the angle of egress, since this reduces the loss due to lifting the 
water above head-race leva,!. While increasing the loss at entrance due 
to shock, and to driving the water back from the floats, this is in general 
less serious than the former source of loss. In some cases the* angle of 
egress is made equal to twice the angle of ingress. The floats are found 



FlO. 2(‘A Scoop Wheel with movable breas-to 


bo give better results when flat than when curved, and are arranged to 
make an angle of from 20° to 40° with the radial line. Since any 
variation in the head or tail-ra(!<e level militates against efficient workings 
it is advisable to regulate the supply level at the wheel by means of an 
adjustable sluice, so as to keep this constant; As usually constructed, 
the diameter of the wheel lies between 9 V 11 and 10 V ii, where H is 
the lift in feet. The peripheral speed is usually about 8 feet per sheond.^ 
TJig. 266 shows one of a set of six wheels installed in 1901 at Schelliu^^i 
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woude for the purpose of nmiutaining the leyel of the Amsterdam Canal. 
Tlie plant is required to liff over a range of heads varying from ’5 foot to 
8 feet, and to discharge 1,500 cubic feet per setond against a normal head 
of 1*8 feet at 4‘5 revolutions per minute. 

Under* normal conditions the vane angle at entrance is 24°, and at 
exit 48^ The diameter is 2(S feet, the diameter of the circle to which 
the vanes are tangent being 5*5 feet. An important feature of the 
installation is the movable breast float B which is fitted in front of each 
wheel. This breast is pivoted on a horizontal axis at its lower end, and 
is free to tak(3 up a natural and unrestrained position in the current of 
discharging water. It is constructed of heavy planking and angle iron, 
and the comparatively high efliciency of the plant is attributed largely to 
the action of this float. The overall efficiency varies from 40 per cent, 
under 1*6 feet liead to 74 per cent, under (VO feet head. 

Art. 158. — The Screw Pump or AuciiniEDEAN Screw 
has in the past been largely used in Holland, and works with advantage 
against heads not exceeding 10 feet, having an efficiency equal to that of 
the scoop wheel. The 
pump consists of an 
inclined shaft carrying 
one or more helices of 
considerable diameter, 
which rotate with small 
clearance in a closely - 
fitting tube or open semi- 
circular clmnnel con- 
necting head and tail- 
water. 

The angle of inclina- 
tion of the shaft t« the 
, . . , . , ITio. 207. — Archimedean Screw, 

horizontal is so arranged 

as to be less than that of the helical surface, so that water on being 
admittejj to the bottom of the tube always tends to rpn down this 
surface. Thus (Fig. 267), a particle of water admitted at P tends to 
flow to the point Q. By a rotation of the axis portions of the helix from 
Q to R successively adopt fhe same position as Q relative to the axis. As 
they do so the water tends to flow into these positions and is thus passed 
along the screw, finally emerging at the top into the head-water. The 
most advantageous angle for the helix is found to be between 30° and 40°. 
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In the more modern form of screw pump the screw itself is similar to a 
screw propeller, but usually carries about six blades. This is carried on 
a horizontal or vertical axis and works with small radial clearance in a 
cylindrical chamber through which flow takes place. In such a pump, 
installed some few years ago in connection with the Chicago main drainage 
scheme, the screw has a diameter of 18 feet 6 inches, and when rotating 
at fifty-two revolutions per minute, has a capacity of 23,000 gallons per 
minute against 3*5 feet head.^ 

Although boiji screw pumps and scoop wheels are capable of high 
efficiencies they are cumbrous, and run at inconveniently low speeds, and 
are in almost every case being replaced by the centrifugal pump. 


Art. 159. — The Eeciprocatino Pump. 

The oldest type of reciprocating pump is the bucket pump illustrated 
diagrammatically in Fig. 2(>8. Originally devised 
as a lift pump, it was fitted with a hollow bucket 
or piston surmounted by a valve, and with a foot 
valve to prevent escape of water on the downi 
stroke. 

On the up stroke of the pump a partial vacuum 
is produced below the bucket, and the pressure 
of the atmosphere acting on the free surface in 
the sufply reservoir produces a flow up the suc- 
tion tube in virtue of this difference of pressure. 

If hg = suction head in feet of water for any 
given position of the bucket. 

= atmospheric pressure (in feet of water). 
Then, neglecting frictional losses and the effect 
of acceleratidn, the pressure head on the under 
side of bucket = — ■ h, feet. This has its mini- 
mum theoretical value when = 0, i.e., 

when an absolute vacuum is produced below the 
bucket, and the maximum possible suction head 
is thus equal to or 34 feet approximately!^- 
Practically, owing to the resistance of the suction valve, leakage at joints 
and past the bucket, and to the liberation of dissolved air at low pressures, 
this head is impossible of attainment, a suction head of 24 feet being only 
Maintained with difficulty, and the maximum value of the suctioil head, , 



Fig. 268.— Bucket or Lift 
UuniiJ. , 


A sketch of (his pump see the Meolumdcal J^ineer^ March 20, 1908, p, 367. 
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ie., the distance from supply level to level of bucket valve with the bucket 
in its highest position should not exceed this value. 

If = delivery head on pump in feet, Le,, height between bucket and 



Fio. 209— Smf,^k>-acting Force Pump. Fio. 270.— Single-acting Plunger Pump. 


outlet, the pressure head on upper side of bucket = 77 ^ + feet. 

Total head on bucket 

= '^« + ki — (^a~ h,) feet 
, = ffd + K = feet, 

where T[ — total lift of pump. 

On the up stroke, then, water is lifted out at the top of the pump and 
tlje tension of the pump rod is given hy W H A lbs., where 
* A = area of bucket in square feet. 

W = weight of 1 cubic foot of water = 62*4 lbs, 

(This neglects the resistance of valve^ and passages.) On the down 
stroke water escapes through the valve, from the under to the upper side 
of the bucket, so that all the work is done on the up stroke. 

By the addition of a closed top fitted with a stuffing box through whiofi 
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the bucket rod works, the machine becomes a force pump for delivering 
water under pressure (Pig. 2()9). The provision of a back pressure valve 
on the delivery side of the pump is now necessary to prevent the back- 
ward escape of the water oi'i the down or idle stroke. As thus arranged 
the pump may be either vertical or horizontal. 

As pressures are increased, the bucket type of pump is found to be 
unsatisfactory on account of the difficulty in keeinng the bucket and its 
valves tight and of detecting any leakage, and this led to the adoption of 
the Plunger Pump (Fig. 270). Here the bucketls replaced by a plunger of 



Fig. 271,-- Steam Driven Single-acting 1‘lungcr Tump. 


uniform section, all the packing being Kiip])lie(l from tlie outside and 
l»ing easily replaced and examined. In this type of pump, which may lie ' 
either vertical or horizontal, work is done on both strokes, suction- taking 
plaM on the out-stroke of the plunger, and delivery by plunger displace- 
iaent on the in-stroke. The latter in general necessitates the greater 
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work, and as will be noted the ram or plunger is in compression during 
this stroke. , 

If L = length of stroke we have : — 

Work done on suction stroke = A {tt^ — (tt^ — //,)[ W L foot lbs. 

• = W hg A 1 j foot lbs. 

Work done on delivery stroke = h,i A L foot lbs. 

A separate valve box may now contain Iw^th suction and delivery valves, 

and these become more accessi- 
ble for examination and repairs. 


Fig. ‘271 shows a section of 
such a puiii]) having a plunger 
diameter of 32 indies, and a 
stroke of 5 feet. The valves for 
this pump are situated on the 
sides and top of small hexagonal 
prisms instead of being arranged 
on a single plane surface. The 
l)ump is directly driven by a 
steam engine and makes 40 
strokes per minute against 153 
feet head. 

8o far, each type considered 
lias sullered from the disadvan- 
tage that it only delivers water 
on alternate strokes. This diffi- 
culty is, however, overcome in 
the “ Jiucket and Plunger ” 
pump (Fig. 272). Here the piston rod of the ordinary bucket pump is en- 
larged to form a plunger of about hal; the area of the bucket,which it carries. 

Suction now takes place on the up stroke, and, if a and A are the areas 
of plunger and bucket, a volume of water = ^ L is drawn into the pump, 
while a volume (J — a) L is displaced through the delivery valves. On 
the dow’ii stroke the plunger displaces a volume A L, and in consequence 
thi^ volume passes to the upper side of the bucket. Of this the volume 
{A — a) L remains in the annular space between the barrel and the 
plunger, while the remaining volume a L is displaced through the delivery 
valves. 

Thus for equal deliveries on the two strokes : — 

[A -- a) L = a L 
A = 2 a. 



Fio. 272.— Hucket and I’luiiger rump. 
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But if hg and are the moan suction and delivery heads, we have : — 
Work on up stroke = IT ( (.4 — a) h^i -+■ A hg] L foot lbs. 

Work on down stroke =*ir [a L foot lbs. 

For equality ; — 

(A — n) h,f A- Ah —a h,i 
A {h,i + hg)=:^lah,f, 

« _ hd + Z/s 
*• A .^Iha ' 

which approxirhates to J as h^i becomes large compared with hg. 

Where the pump is vertical, and the weight of plunger line great, this 
requires modification if the forces acting at the upper end of the plunger are 



Fig. 273.--#iston and IHiinger Pump. 


to be equal on both strokes. In this ct^se, if 11^= weight of plunger line 
Force to be exerted on ) ^ ^ ^ ^ ^ ^ 

up stroke j ‘ 


Force to be exerted on 
down^stroke 


r = W la h^] -If^lbs. 


For equality, 2 II V 


W { &a^A)ha-Ahg} 
IF^ ^aJu-AiJu + hg)} 
Wp , A iki+K) 

Ti,’' I. ' n 7. * 


Wh,' 2/(, _ 

The bucket valves may be eliftiinated while retaining the advantage of , 
uniform delivery or uniform work on both strokes, by the type of 
construction indicated in Fig. 273 and known ^s the Piston and Plmger 


pump. Here a solid piston is used instead of the hollow bucket. Suction 
takes place on the out-stroke, while at the same time a volume '(A — a) 

■ delivered. On the in-stroke, a volume L A ib discharged through 
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the delivery valve, but of this a volume = {A — a) L finds its way to the 
other side of the piston, ffnd the volume actually delivered = a L. As 

before, for equalit}^ of delivery on the two strokes, ^ = 2. In addition 

to an equal delivery on each stroke, the further advantage of an equal 
suction ol^ each stroke may be obtained by duplicating the suction and 
delivery valves at each end of the barrel as indicated in Fig. 274, each end 


becoming in effect a separate 
displacement pump. 

This, the Double Ariiinf 
type, may bo fitted either 
as a piston pump, having 
a packed piston and sleeve, 
or with a turned plunger 
working in an unpacked 
ring, both types being shown 
in Fig. 274. 

For fairly low pressures, 
ujf to about 75 lbs. per 
square inch, either type is 
good, the piston pump giv- 
ing a slightly larger dis- 
placement foi’ the same 
floor space. "Where clean 
water is to be pumped, the 
unpacked plunger type, 
however, is advantageous 
on the ground of its reduced 



friction. Fki. 2'^ r— Seotion of 12-inch Dupk’X Plunger and Ring, 

A short fitting ring is or IMsIun J-mnp : nwnih suction ; s-ineb delivery | 

, 1,1 12-iiich stroke. For jiressures up to 100 lbs, pel 

used, easily renewable, and inch, 

the ease of refitting such a 

ring compared with that of re-boring a piston barrel renders its use advis* 
able, "yjdiere the condition of the liquid to he pumped permits. In eithei 
case the work done on the two strokes is practically the same. 


For very high pressures, or where the water contains gritty matter ir 
suspension, the piston, linicket, or internally packed plunger pump u 
unsatisfactory, and the type known as the Double-Acting Outside Packec 


Plunger pump becomes more suitable. 

Here again the pump discharges a volume A L from one end of tlw 
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tarrel and admits an equal volume (nef^lecting the volume of the plunger 
rod if this is used) at the other end of each v^troke. Fig. 27/5 shows a 
direct staam-drivou pump of this type having centre-packed plungers/ 



and designed for 80 strokes per minute, with 10-inch plunger ; 12-inch 
stroke; 18-inch steam cylinder; 10-inch suction and 7-inch discharge pipes. 

Fig. 270 shows an outside end-packed plunger pump of this typo, 
suitable for moderately high pressures, the two plungers carrying cross- 
heads which are connected by side rods, while Fig. 277 shows a similar 



Fig. 27(i,— Double- Actinji; Duplex Outside Knd-I’ackod Plunger J’uiiip : (>-ineh 
plungln*; 12.inch s'erim cyliiulcr ; inch stroke ; 5-inch suction ; 4-inch 
delivery ; 80 strokes per minute ; up to 800 lbs. per square inch. 


pump as constructed for the highest pressures. This latter pump^has a 
fieparate valve box for each end hf the cylinder, the construction of the 
Iralves (which are 1 inch in diameter) and of the valve box, being 
shown in Fig. 278.^ 

^ 1 By courtesy of the Duffiilo Steam Pump Company. 

Figs. 277 and 278 are inserted by courtesy of tbe makers Messrs. Henry Derry 
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277.— Outside Kiid-paclved Plunger Pump for pressures up to 1,120 lbs. per 
square inch. 

This type of pump has the advantage tliat only two glands need packing 
^ against tlireo in the centre-packed type, although the latter type lends 
itself to a more compact construction. 
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Deep Well Pninps.— Where pumping operations are necessary in a deep 
well or bore hole of small diameter, the ordinary lift pump with separate 



• iMi n 11 u-iijj ij_u 

Fig. 279.—Smglp-Acliii{T “Ashley ” Bore-Hole Vamp. 


foot valve is at a dis- 
advantage because of 
the great difficulty 
which is experienced 
in raising and replacing 
tliis foot valve should 
it become choked or in 
any way out of order. 
To obviate this diffi- 
culty the “ Ashley ” 
])ump, Fig. 279, carries 
both suction and de- 
livery valves in its buc- 
ket, this being readily 
withdrawn for exami- 
nation through the 
rising main. . « 

The bucket 71, which 
is open at its lower 
end, reciprocates in the 
working barrel JV.B., 
wliicli is closed at the 
bottom. The sides of 
this barrel are pierced 
byorifices^S'.O. through 
which the surrounding 
fluid is admitted to the 
under side of the suc- 
tion valves B.F. On 
the upward stroke of 
tlie pump a partial 
vacuum is formed in- 
side the bucket, and 
water is drawn through 
these valves to fill the 
space inside and below 


ihe bucket, while the water above the bucket is forced Up the risin^main., 


llDn the downward stroke the delivery valves 1).V. open, and the water i^' 
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the l)ody of the bucket is transferred to its upper side to be pumped to 
the surface 'on the succeodiiig stroke. A double-acting pump of this 
type is also on the market. 

Art. IGO.— Pump Valves. 

The valve area should be so designed as to allow of a mean velocity not 
exceeding 4 feet per second. For low pressures these valves usually 
consist of rubber or composition discs (Figs. 274, 275, 280 a and 5), 



Flo. 280— Types of Tump Valve. 


working against a porforatud grid, and are oitlier spring loaded or 
automatically return to their seats in virtue of their own elasticity, 
togethg: with the pressure of water above them. For moderate speeds 
and pressures these are very satisfactory. 

At high pressures, however, the discs quickly become indented, and 
some form of metallic valve becomes essential. Pig. 280 c shows a 
double-beat valve of this type. These valves may be spring loaded, or 
may return to their seats by their own weight, and so long as the speed is 
moderate are satisfactory. 
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The ordinary disc or double-beat valve suffers from the drawback that 
the kinetic energy of the discharging streams Is of necessity dissipated in 
the shock accompanying the sudden change in the direction of flow. The 
Haste and the Gutermuth valves are interesting examples of designs 
intended to obviate this source of l()*ss. The 
action of the former is obvious from ‘^the sketch 
Fig. 281. 

The Gutermuth valve (Fig. 282) is formed 
from a single sheet of special bronze, either of 
the same thickness throughout or, in large 
valves, having the end forming the valve 
thickened. The sheets are slightly wider at 
the coiled end to prevent fouling, and are 
slipped on to a grooved spindle and clamped 
to the valve seat cones at the required tension. 

The valve is always placed at an angle with 
the port opening, and the latter thus becomes 
uncovered with a very small movement of the 
valve itself, while no such a])riii<t changes in 
Fig. 281. iTastc Valve. direction of the escaping stream are neces- 

sitated as in the case of disc or mushroom valves. 
The automatic or self-closing valve, while simple and satisfactory fol- 
low velocities, possesses several , disadvantages which lend to reduce its 
suitability for jiigh speed work.^ 

In the first plabe, with automatic suction valves, the difference of 




Fiq. 282.— The Gutermuth Valve. 


pressure below and above must**be sufficient to lift the valve, and with 
'a heavy valve this appreciably diminishes the possible suction lift, A 
light valve, by coming slowly to its seat at the ml of the stroke, enables 
water to leak back into the suction jnpe, since, although theoretically 
ihS valve is on its seat ’ when the piston is at re?t, actually this is not j 
any means the case except at slow speeds. The same thing applies bit;* 
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the delivery side. Also considerable shock takes place when these valves 
close, this ahock being du§, not only to the valve itself dropping suddenly 
to its seat, but also to the fact that a large mass of water partakes of the 
return motion. 

The violence of the shock depends on the kinetic energy possessed 
by the n^lve and accompanying water at the instant of closing, and 
will therefore increase with the weight of the valve, with the mass of the 
accompanying w^ater, and with the maximum distance of the valve from 
its seat, since the latter factor will determine the velocity of closing. 

The mass of water accompanying the valve is found tu be proportional 
to the mass included between the valve and the water level in the 
corresponding air vessel, so that to minimise this effect, the difference in 
level between valve and air vessel should be reduced as far as possible, 
while the lift of the valve should be as small as is consistent with ample 
inlet and outlet areas. 

With self-closing valves, the lift may be reduced either — 

(1) by increasing the weight of the valve ; 

(2) by increasing the spring loading of a light valve ; 

X8) by limiting the lift by stops ; 

(4) by increasing the number or diameter of the valves. 

The first method, while reducing the lift and giving a quicker closing 
effect, increases the hydraulic resistance ; while the increased weight of 
the valve is in itself productive of shock. On the other hand, a light 
valve is more subject to vibration while opening or closing, and this may 
cause large oscillations of pressure in the pipe line. This tendency to 
vibration increases with the speed of the pump, and diminishes with an 
increase in the delivery pressure. On the whole, however, the balance 
of advantage lies with the fairly light spring-loaded valve. 

The method of limiting the lift by stops is decidedly unsatisfactory, as 
giving rise to oscillations of the valve, and hence of the pressure in the 
pipe line. ^ 

The best method is to increase the effective valve area by an increase 
in the nhmber or diameter of the valves. In the ordinary disc valve 
(Fig. 280 a and h), 

* If r = radius and I lift of valve, 

the area of valve seat = r (neglecting the effect of guides, etc.). 

But the effective vakre area is the ^area of the cylindrical surface 
generated by the perimeter of the valve during its lift = 2 ir r Z. 

The most effective lift is thus obtained when these values are identical, 
i,e,, when — 
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It follows that, in order to take advantage of the available valve seat 
area, it is impracticable to use very large valves, since for a given lift the 

effective discharge area varies as the diameter of the valves,^ :Aile the 

.»> 

valve weight varies more nearly as Also if the lift were made equal 
to this would soon become excessive. Because of this, small valves 

a 

should be used, with a lift giving a discharge area approaching that of the 
Valve seat, and for high speed pumps modern practice is opposed to the 
use of disc valves of more than about 3 inches diameter. Where double 
beat valves are used this may be increased, but in no case should the 
valve have a lift exceeding J inch. 

Valve Leakage and Slip.— A farther point to be noted is that slip, or 
leakage past the valves while closing, is proportional to the mean effective 
opening of the valve; to J h, where h is the head on the valve; and to 
the time of closing, t Generally we may take t as proportional to^ 

jj. 

If, then, a number of small valves replace, a single large valve of the 
same effective discharge area, the slip will be reduced, since to get the 
maximum discharge effect the lifts of the valves must in every case be 
proportional to their diamete^ and this lift, and therefore the time of 
closing, wdljbe greater with the larger single valve. 

Thus, whereas the slip past n valves of diameter d is proportional to 

n h^ that post a single valve of the same effective discharge area, and, 

therefore, of diameter D where 1) == d ij~n, is proportional to Ir ?i^, sc 

that by increasing the number of valvea to n, the leakage is reduced in the 

,, n 1 
ratio -| = ^. 

E»g,, where n = 4, the leakage is equal to = *707 times that found 

with a single large valve. 

Abt. 161.— High Speed Reciprocating Pumps. 

Owing to the length of time necessary for an automatic disc valve to 
close, and to the irregularities in its action produced by inertia effdfets of 
tiie water in the supply and delivery pipes, a high rotative speed is ’ 
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impossible witli a reciprocating pump fitted with this type of valve, and 
it becomes, necessary to pse a long stroke, slow rotation pump, giving 
ample time for the valves to come to rest at the end of each stroke. With 




this type of pump, and until comparatively recently, the maximum 
attainable piston speed was about 100 feet per minute at about sixty 
revolutions per minute. 

By paying special attention to the design of valves and water passages 
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it has, however, become possible to adopt much higher speeds, even with 
automatic valves. 

One modern type of high-speed pump which has proved itself capable 
of excellent results is the Ghtermuth (Fig. 288).^ The illustrations show 
a sectional plan and elevation of one of a pair of three-throw pumps of 
this type, having plungers 6| inches diameter by 16 inches stibke and 
delivering 1,000 gallons per minute against 750 feet head at 180 revolu- 
tions per minute. Each pump is driven from a 275 H.P. three-phase 
motor through a flexible coupling. The design is very compact, the pump 
bodies being mounted on a suction air vessel of cylindrical form, which 
also acts as a bedplate. On this air vessel is cast a branch flange for 
connecting up to the suction main. On top of one of the pump bodies 
is bolted a delivery air vessel, having flanged branches to connect to the 
pump bodies, and with the end flanged to connect to the retaining valve 
on the delivery main. 

The connecting rods are of cast steel with marine type babbited ends 
or the crank pin, and gun-metal wedge adjustment boxes for the cross - 
head end. The plungers are of gun-metal, and are supported in gun-metal 
bushed glands and neck rings. 

Forced lubrication is fitted throughout, while the two delivery air vessels 
are supplied by an independent electrically-driven two stage air charger of 
the Keavel type, the compressor being capable of compressing 5 cubic 
feet of free air per minute to a pressure of 850 lbs. per square, inch. 

The valves, which are of the ^termuth type and are perhaps the most 
interesting part of {hese pumps, are contained in cylindrical bronze valve 
seats, each pump having one set for suction and one for delivery. These 
are held in place and tightened by means of wedges which are readily 
accd^sible when the valve covers are removed. 

. The sectional end view of Fig. 283 shows very clearly the straight and 
unobstructed pastfages offered to the water in this type of pump. 

Frictional losses are thus low ; the lightness of the valve and its small 
, opening tend to reduce shock on closing ; and the possible speed of rotation 
is correspondingly increased. 

The high speed at which these pumps can be run, as a direct result of 
the valve action; permits of a d/3sign which takes up considerably less 
floor space than the ordinary slow running pump, the actual overall length 
being, in this case, 11 feet 8 inches X 8 feet 6 inches. It also allows. the 
pump to be direct connected to the motor, which, though adding somewhat 
to the expense of the latter, does away with transmission gears whicfi.are 

iy ooartesy of tbo manufacturers, Messrs. Fraser ic Chalmers, Ltd. 
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usually noisy and troublesome, and which, under the most favourable 
circumstances, in a pump of this size, would reduce the efficiency by from 
3 per cent, to 4 per cenf. 

For very high speeds, however, the automatic valve, even though well 
designaL becomes unsatisfactory, and mechanically operated valves are 
necessar^ 

By their substitution uncertainty as to the exact time of closing is 
avoided, more uniform closing is effected with less accompanying shock, 
and by this means, and by careful design of the valves, tlu. speed has been 
increased until piston velocities of 600 feet per minute at 300 revolutions 
per minute are now easily obtained with almost entire absence of shock 



This increase in speed peniiits of the pump dimensions l)eing reduced for 
the same duty ; gives a smaller delivery per stroke, and hence reduces the 
liability to shock while the possibility of a more uniform flow in both 
supply and discharge pipes tends to‘the same end. 

Fig. 284 shows the construction of the pump barrels, rams and valves 
of a tyge of high-speed pump designed by Professor lliedler, this particular 
pump being designed to deliver 375 gallohs per minute against a head of 
500 feet. It is a two-throw pump having rams 6| inches diameter by 
9 inches stroke ; running lit 200 revolutioiis per minute and driven by an 
electric motor of 75 B.H.P. rupning at 500 revolutions per minute. 

The outer end A of the working cylinder forms the seating of the 
delivery valve, which consists of two annular brass rings, Ci and Cg, let. 
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into a gun-nietal frame C, This valve is kept up to its seat by means of 
the cylindrical indiarubher spring D, the compression of wliich may be 
adjusted by means of the bolt E, while leather sealing rin*g8 are also ^ 
provided to ensure its efficient action. 

The inner end of the working cylinder carries a gun-mej^c.'! guide 
ring F, in which works the annular suction valve G. This valve is con- 
structed with a wooden face let into a channel section annular brass ring, 
and its range of opening is limited by the rubber ring II, let into the 
guide ring F, 

The ram II passes through the suction valve, and at its inner end 
carries a buffer stop S, which mechanically closes the suction valve at the 
end of the outer or suction stroke. Shock at impact is minimised by the 
provision of cylindrical rubber springs at J and K. A series of removable 
brass' liners L between the ram and the buffer permit of the latter being 
adjusted so as to take up any wear in the buffer itself or in the suction 
valve. 

The delivery valve is thus automatically regulated, while the suction 
valve is mechanically operated only so far as affects its closing at the end 
of the suction stroke, this valve being both opened and closed on the out- 
stroke of the ram. On the in-stroke, water is delivered against the 
resistance of the delivery valve into the annular chamber M, from which 
it flows away through the pipe N into an air vessel and away to the 
discharge, Iffie chamber M is ^ted with a starting valve at 0, 2 inches 
in diametpr,^0 that in starting the pump the pressure may be relieved 
and the pump started light. The small spindle valve P allows of water 
passing from the chamber M into the working barrel, so that if for any 
catM^e sufficient water cannot enter through the suction valves, more water 
may be allowed to enter through the valve P, so as to enable the pump 
to’ run without shock. .. 

A small compound air pump, having a high pressure plunger IJ inches 
diameter by 1*8 inches stroke and a low-pressure 'plunger 8 inches 
diameter by 2*7 inches stroke is provided, and is worked directly from 
the crank shaft of the main pump, exhausting air from tlie suction air 
vessel and discharging it into the delivery air vessel. 

Should the air supply in the suction air vessel be insufficient, more may 
be admitted through a small valve ; while should the air pump deliver too’ 
great a supply, the surplus air can be let out of the delivery air vessel ; ? 

’Tests carried out on such a pump as described,^ showed a com^med;: 

.* By Mr. Ji lin Morris. See a paper on the “ Unwatering of the Achddu Colliery.*’ . Trans./ 
lnst..of Mining Engineer^, Vol. 30, part 2^ p. 131. 
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the main shaft, as shown in Fig. 286. 

Fig. 286 shows a section through an Oddie-Barclay high speed ram ; 
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liaving mechanical control to both valves. Tests of such a pump,' 
having a differential ram 5 inches and 7^^ inches diameter fy 9 inches 
stroke, when running at 15Q revolutions per minute showed a mechanical 
efficiency ranging from 82 to 86 per cent, as the head increased from 620 
to 1,050 feet, with a discharge coefficient of *96. ^ 

Art. 161a. — Hydraulic Reciprocating Pumps. 

Where a high pressure water supply is available, the hydraulically 
operated reciprocating pump has been extensively adopted for pumping 
water for domestic or other purposes and for pumping sewage. Such a 
pump is illustrated in Fig. 287.* This is driven by two double-acting 
hydraulic cylinders placed one on each side of the pump body casting to 
which they are attached, the two plungers P P and the pump rod R being 
connected to. the same crosshead. The pump is operated by moans of a 
piston valve in the valve chest F, this valve being worked from the cross- 
head by means of the tappet rod T and lever L shown. 

Art. 162.— Displacement Curves. 

Discharge Coefficient. — In the theoretically perfect pump the action 
would be simple. On the suction stroke the delivery valves would be 
tightly closed while the suction valves would open, admitting sufficient 
water to entirely fill the barrel. At the commencement of the delivery 
stroke these valves would iinnrfS'diately close, while the delivery valves 
would opeii, ftnd a .volume of water equal to the plunger displacement 
would be discharged. In practice, however, owing to the fact that the 
valves do not instantaneously close, and because of leakage past the 
plunger, etc., the volume delivered is not in general equal to the plunger 

displacement. The ratio .discharge, termed the discharge 

coefficient, varies with the type, speed, and condition of the pump, but 
' with moderate speed pumps in good condition and of good design lies 
between . *94 and *99. With high-speed pumps the modifying effects of 
the inertia of the suction column may be such as to givfe a discharge 
greater in volutne than the piston displacement, the excess amounting 
in exceptional cases to as much as 50 per cent. This effect will be 
considered in further detail at a later stage. . 

If a curve, having piston velocities as ordinates be plotted on a time 

* Mechanical Engineer. June 26, 1908, p. 811. 

* By cour^«8y of the Hydraolic Engineering Co., Ltd., Chester. 
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flG. 287. — ^Hydraulically operatea Reciprocating Pump. 
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base, the area included between the curve, the base line, and any two 
ordinates, will measure to some scale the volume displaced by the piston 
in the corresponding interyal of time. The curve so obtained is termed a 
displacement curve. Thus, if 0 Q and Q P represent the crank and 



Fig. 288a. — D isplacerncnt Curve for Single-Cylinder Single-acting Pump. 


connecting rod of a pump for a given piston position, and if P Q be 
produced to meet the perpendicular O C to the line of centres in (\ then 
0 G represents the corresponding piston velocity to the scale on which 
0 Q represents w r tlie velocity of the crank pin. If a series of such ^ 
points as Q are taken at equidistant intervals on the crank circle, and the 
corresponding values of 0 C found, the displacement curve may then be 
plotted as in Figs. 288 a--d. ' Here Fig. 288 a represents the curve for a 





Fig. 288b,— Curve for Pair of Single-actiog Cylinders with Cranks at Right Angles. 

* «■ 

single-barrel single-acting pump having a connecting rod lour cranks in. 
length, A C representing the time to perform half, and A E to complete a 
rewlution. 

The area ABC now represents the displacement of the pumfi per 
revolution, while C E represents the idle stroke. 




DISPLACEMENT CURVES 


If F G be drawn parallel to A E, so that A F represents the mean: 
velocity of th*e piston, the ai’ea A F G E = area ABC. 

Similarly, Fig. 288b represents the displacem nfc curve A B D B' E, 
for a pair of single-acting pumps having cranks at right angles and 


G 


K 


A C E 

Fig. 2S8c. — C urve for Pair of Double- Acting Pumps with Cranks at Right Angles,' 



drawing from and delivering into a common main. Here A B C and 
A^ li' C* are the respective curves for each piston, and these are com- 
pounded by adding ordinates so as to give the displacement curve. The 
ftrea A F (i K is now equal to the sum of the areas A B C and A' B’ C\ 
or to the wliole area A B D B' C/. 

Again, Fig. 288c, obtained in a similar manner, shows the curve for a 
pair of double-acting pumps having cranks at right angles, F G again 



Fi&. 288d.— Displacement Curve for Three-Throw Single-Acting Pump * 
with Cranks at 120°, 


» • 

representing the mean velocity line. Hdre H K represents what would 

be the mean velocity line for a single double-acting pump. 

Similarly, Fig. 288 d i^epresents the curve for a three-throw pump 
having cranks at intervals of 120®. 

It will be noted that as the frequency with which the pumps discharge 
per revolution increases, the range of velocities in the discharge and 
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suction pipes decreases, and also the rate of change of this velocity, Le,, 
the acceleration, and the smoothness of working in' consequence 
increases. 

The following table indicates how this velocity changes : — 



Ratio of Maximum 

Type of Pump. 

to Mean Velocity 
in Discharge Pipes. 

Single cylinde", single-acting 

3-24 

Two single-acting cylinders, cranks at right angles . 

217 

Single cylinder, double-acting 

1-62 

Two double-acting cylinders, cranks at right angles . 

1*11 

Three-throw pump, crank at 120'^ single-acting 

double-acting 

1'09 

1-05 


As will be readily, understood, the varying velocity and acceleration in 
the supply and discharge pipes — particularly in thesupply pipes— produce 
a tendency to water liamnier. 

So long as this hammer is 2 )revented, either by suital)ly enbirging the 
pipes ; by reducing tlie maximum piston velocity or acceleration ; or by 
the provision of air vessels on suction and delivery pipes, the action of a 
pump may be predicted very ^curately from theoretical considerations. 
Once Wiifter hammer is set up so many factors combine to influence the 
result, and the subject presents such dilhculties of treatment that, except 
in simple cases, no satisfactory attempt can be made to deal with the 
mfitter analytically. This is, however, less important, in that water 
hammer -is not, under any conditions, admissible in a pump, and while its 
'effect may be impossible to predict with any degree of accuracy, save in 
the most simple cases, the steps necessary to prevent its occurrence are 
well understood. 

The following demonstration may be relied upon as giving results 
which are substantially correct so long as the pump is working without 
shock. 

Ajrt. 163. — Variations of Pressure jn tiie^Cylinder of a Single 
Cylinder Pump without Air Vessels. 

' For the water in the suction pipe to follow and maintain contac'l with 
the" piston throughout the suction stroke, this column of water 
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receive an acceleration at the commencement of the stroke, the magnitude 
of the acceleniiion being give^i by — 

A . 

a - - f.a.s. 

a. 

where a = piston acceleration in f.a.s. 

^ A = piston area in square feet. 

= area of suction pipe in square feet. 

The force necessary to give this acceleration can only be produced by a 
difference in pressure at the two ends of the suction pipe, and varies as 
the mass of water in the pipe and as its acceleration. Expressed sym- 
bolically we have — 

JV A 

Force necessary to produce acceleration = — a , . — a Ihs. 

If the pressure difference at the two ends of the pipe corresponding to 
this force is p' lbs. per square foot — 

W 

p' = —Ig A a lbs. 

W A 

p' = - — a lbs. per square foot. 

If at the same instant the piston velocity is v f.s., for continuity of 
flow we have v, = /* ; and the loss of pressure due to friction in the 


supply pipe corresponding to this is given by : — 


WfhA^ 


p = 


2 (/ m 2 ( f m a 


2 lbs. per square foot. 


.*. Total difference of pressure at the inlet and outlet of the suction 
pipe is given by : — 


W A 


v'+f=v=':, 


(j 




Or, expressed as a head “ h ” in feet of water, 
A I 


h- 


0 


. ,2 

^ 2 m a. * ^ 


lbs. per square foot, 
feet, 


where a is positiv^e or negative according as the piston is being accelerated 
or retarded. » 

Now the head actually available to produce this flow is strictly limited, 
tlie higher pressure—at the pipe inlet — be^ng that corresponding to its 
depth of immersion together with that of the atmosphere, while the lower 
limit of pressure is theoretically that corresponding to an absolute 
vacuum, although in practice it is impossible to obtain this degree 
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of exhaustion in the pump. If the level of the pump is above that 
of the suction reservoir so as to give a suction lift of //« feet (Fig, 
289), the available head is correspondingly reduced, and has a maximum 
theoretical value of (tt^ — //„) feet, where is the height of the water 
barometer. 

Thus, for continuity of contact between piston and water op 'the suction 
stroke, we must have : — 


K > 


A I 
9 (fn 


a 4- 

' 0. I 


fA. 


2 }u a. 


feet. 


( 1 ) 


Should this condition not be satisfied the piston leaves the water at 
some point— usually at the beginning of the stroke, since here a has its 



,g;iaximum value — the action being termed Separation or Cavitation. So 
long as this state of affairs exists, the pressure behind the piston is 
, uniform, bein^ that of water vapour at suction temperature, and in con- 
sequence the water flows along the pipe with an acceleration which is 
uniform, except for the increasing effect of friction as its velocity increases. 
The piston acceleration is, however, continuously diminishing, so that 
the water overtakes the latter at some point before the comifletion of the 
stroke, the meeting being usually accompanied by considerable shock, 
while pressures considerably 4n excess of those corresponding to thj^ 
statical head are produced. 

^ Separation may also occur between the delivery column and the piston 

* during the second half of the delivery stroke, when the piston being 

* retarded. Thus if ^ o is the magnitude of this retardation, the head 
necessary to produce the retardation in the delivery column is given 
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-4 [i a yo that to prevent separation daring this stroke we must 
have 

JVof(’.-^^nce during the latter half of the stroke the piston is being 
retarded (— a) is a positive quantity. 

Where the pump is driven from a shaft rotating with uniform angular 
velocity w radians per second, by means of a crank of radius ?*, assuming 
the connecting rod to be of infinite length : — 

f a = 0)2 r cos 0 f.s.s. 
j r = 0 ) '/• sin 6 f.s. 

where 0 is the crank angle, measured from the inner dead centre, while 
with a connecting rod of length I these expressions become : 

f . ( . r /2 cos 2 ^ sin | « 

a = 0)2 r ' cos d .j f.s.s. 

t (^2 - 7-2 sin 2|9)2 ) 

( ^ r sin 2 0 ) 

V = m r : sin 0 + 2 ^ r 1-s* 

2 V r — r sin ^0 


giving a the maximum value o)2 r | 1 i | according as the crank is on 

the inner or outer dead centres respectively (i.r., according as 0 = 0° or 

180 ^). 

Neglecting, for simplicity, the effect of the ol)li(iuity of the connecting 
rod, and therefore assuming the piston to have simple harmonic, motion, 
the maximum velocity is given by co r, while the maxiinum acceleration 
= 0)2 r, and therefore for a given displacement the acceleration is com- 
‘paratively reduced by making the stroke of the pump large and the 
angular velocity of the crank, or the number of strokes per minute, low., 
This enables a higher piston speed to be adopted, since frictional effects 
are usually small compared with those due to acceleration. 

Substituting for^a and v in terms of the crank angle 0, equation (1) 
becomes . 

, J /, ( 2 ^ , /’o)2 jiin 2^ A ) 

> “ - 1 W COS ^ ' .V 

^ a.fl] J 

> 0)2 r " ^ cos 0 + — T — — ■ 

a, (f [ 2 m a. 


- “ ... fr sin W A 


0(5s t) + 


giving 
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as the critical velocity, above which separation will occur on the suction , 
stroke. 

Similarly, substituting in equation (2) we obtain : — 


U 


f r sin '^6 A 


as the velocity, above which separation occurs on the delivery stroke. 

Here 0 is in every case measured from the beginning of the stroke, so 
that cos 6 in the latter expression is negative. 

Putting TTa = 34 feet, and writing ^ = 0 in equation (3) ; — 


= ^VT-l 


is the limiting speed at which separation will occur at the commencement 
of the suction stroke. Since w = (where N = revolutions per 

minute), this becomes 




With a finite connecting rod of length I, we have 


, _ 30 ^ / JJ. ~-h. 
- rAi.- I 1 +^. 


The action may bo shown graphically as follows 
In Fig. 290, 0 O' represents the atmospheric pressure line, and, 
a^uming simple harmonic motion, ordinates drawn to the straight line 
AHA' represent the head necessary to accelerate the water column in 

^ V I t 

the suction pipe. Then 0 A = O' ^ . Vertical ordinates, 

set off from AHA' as base line, to the curve A B A', represent the heads 

necessary to overcome frictional resistance, zero at the ends, and having 

fl A^ (ji)^ ” 

a maximum value =* 7 ~ — s . , at the middle of the stroke. 

2 g m ' ^ ^ 

The vertical' ordinates of the shaded area then give the differences oi 

head between the two ends of the suction pipe due to friction and inertia, , 

these being negative or positive, according as ordinates are measured 

below or above 0 O'. 

If n'ow 0 C' be drawn at a distance below O O', repi'esenting the. avails ^ 
able, head (34 — /O feet, the ordinates of the curve A BA', measured 
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from C C as base line, give the effective pressures in the suction chamber, 
expressed in feet of water. 

If the suction head be increased so that represents 34 ~ \ feet, 
separation will occur at the commencement of the stroke, since the 
availablt^liead is now insufficient to give the necessary acceleration. At 
D" the hea^ becomes sufficient both for this purpose and to overcome 
frictional losses, while at 'some point X, the acceleration of the water 
remaining approximately constant while that of the piston is continually 
diminishing, the water overtakes the piston and knocking occurs. Up to 



Fig. 21)0. — Theoretical Diapiara of Tistoii Pressure during Suction Stroke 
of Ileciprocrliiig Pump. 


this point the pressure })ehind the piston is constant, and has a negative 
value equal to 0 feet of water. , At the shock, violent oscillations of 
pressure are* set up as represented by the dotted lines and the most that 
theory can do in this case is to indicate the maximum pressure to be 
expected mnd the means of reducing this. , • 

Under normal conditions of working, the maximum pressure attained 
on the suction stroke is les^ than the delivery pressure 0 F, 
t If, however, this latter pressure be reduce'i, as for example to 0 E, the 
suction pressure becomes equal to this at the point and for the 
remainder of the stroke discharge trikes place through the delivery valves, 
the pressure remaining constant and following the line«^" E*. 
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The coefficient of discharge now becomes greater than unity. Its 
value may be deduced since the area A' E" E' represents the work done 
in pumping a volume of water v cubic feet against a head 0 Ji’) 
feet. 

T . areoi4L’"E' 

The area A E” E' thus represents 62*4 v ha foot lbs. .*. v — 

The scale to which this area is to bo measured is given by the product of 



' no. 290a. -Pump Diagram showing delivery during Suction Stroke. 


the^scales to which ordinates of the diagram represent heads in feet and 
ahscissse represent pounds of water. 

'■ The.Coefficiept of discharge = 1 + y where V is the piston dis- 
placement per stroke. 

Assuming simple harmonic motiop,the area A' K" may be calculated 
analytically. In more complicated cases, it is preferable to measure it by 
planimeter. 

Where an actual diagram ip to be estimated (Fig. 290a), the- suction'^ 
head curve i li E" may be produced by hand with faL accuracy to A’, 

. and the area then measured. 

Since, at the speed at which separation occurs, water hammer raises the 
pressure towards the end of the suction stroke by an abnormal amoljnt, it 
' is to be inferred that about this speed a sudden increase in the discharge ' 
epeffioieot' wiU ta^e place. This inference is justified by the results til’'! 
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DISCHARGE COEFFICIENT 

experiments by Professor John Goodman, the increase in this coefficient 
at the knoJking speed in* his pump, varying from 68 per cent, with a 
delivery pressure of 10 lbs. per square inch k 6 per cent, with a pressure 
of 70 lbs. per square inch. 

Although this increases the capacity of the pump, yet, as might be 
expected, ^ts efficiency is lowered, due to the increased losses by shock. 
The experiments showed that in this particular pump an increase in the 



Fig. 291. — Theoretical Diagram of Piston Piessurcs during Delivery Stroke of 
• KeciprocaUng Pump. 


discharge coefficient from 1*059 to 1*517, was accompanied by a decrease 
of 10 pap cent, in the efficiency, , 

A theoretical pressure diagram for tlie delivery side of the pump is 
shown in Fig. 291, where, however, the line A' H representing the 
acceleration pressure, has* been drawn to Hake jnto account the effect of 
the obliquity of the connecting rod. 

Also, since frictional resistances now increase the head on the piston, 
the friction line A^ B A is drawn below the acceleration line. • 
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If 0 F represents the delivery head the total haad on the piston ia 
given by the ordinates of the curve A E" B I'y measured from F F' as 
datum. 

If 0 £ were to represent the delivery head, the pressure would become 
negative on passing the point E” and the suction valve would op^ giving 
suction on the delivery side of the pump. At high speeds, and^ith self- 
closing valves, this valve action becomes very irregular, delivery often 
occurring during the major part of the suction stroke and suction during 
the delivery streke.^ 


Art. 1G4.~Rise in Pressure following SfiPARmoN in a Pump. 
During separation the accelerating force on the suction column 
W ttg — hg — hf — lbs., where hf is the head necessary to 
overcome friction and therefore depends on the velocity, and ht is the 
pressure in the cylinder due to vapour tension and to air leakage. 
Neglecting the effect of friction, the acceleration in pipe line 
- K - h\ ^ f.s.8. 


]-■' I, -yl'-®-®' 


Wl.a, 

Acceleration of water sur-j 
face in cylinder 

If the water overtakes the piston at a distance x feet from the beginning 
of the stroke, the time taken ^ the water surface to cover this distance 
under its constant accelerating lorce must equal that taken by the piston 
to cover the same space. 

,^Tlie former of these times is given by T = sj - 


9 




- ” K , 




smee, with uniform acceleration, a. — ▼ i — — . 

, acceleration 

Assuming SJI. motion, the time occupied by the piston to cover the 
' same space is given by ~ seconds, ^ 
where a; = r (1 — cos 9) (Fig. 292) 

or 0 = cos " ^ . 

.V Equating these times : — 


A rj — — 


} dt 


' * iFor a series of diagrams showing this action reference may be made to Protend 
•GpCHlmito’B paper. pj»c. Inst. Mech. Engineers,” 1903. ' ' 
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. . 1 — = cos 0) 'V - p j-v — , 

an equation from which x may be obtained by trial. For purposes of 
calculation may he taken as zero. An attempt to include the ellects of 
frictiomand of a finite connecting rod greatly complicates the result unless 
///be tak^i to he constant and to have 

a value corresponding to the mean j — 

velocity during the period of separation. I 

By this means a close agreement with /|\ 
experimental results is obtained. / j ^ \ 

The above formula has been applied j | \ 

to the case of a pump described by _i [ V 1 

Professor John Goodmaid and having I [< x J 

the following dimensions : — \ j 

^ = 1-83 : 4 = 63 feet ; r = -25 feet. \ / 

In this particular experiment the 

pressure in the suction valve chamber 292 . 

was measured, the loss of head due to 

■ height of suction, to friction, and to air tension, being approximately 
8’0 feet, making — 

K — /'» — hf— /(() = 2(;-o. 

The revolutions per minute were 70, making w = — — = 7‘33. 


The equation then becomes : — 

_ ./ 1‘2() X 1-83 

cos 7-33 V o.. w nVt- 


32 X 26 


. X = 1 — 4 X 


or cos 3*86 V x = 1 — 4x 

giving a value of .r = *47 feet ; 

*47 

i.e., knock takes place at = '04 of the stroke. 

The indicator diagram, of which Fig. 298 is a copy, shows this to occur 
at about '95 of the stroke. 

The Velocity of the water column immediately before* impact may be 
deduced from the equation 


velocity 


/ 2 X acceleration X space qpvered under this 
^ ^ ^ acceleration 


* “Proc. Inst. Mech. Engineers,” 1903, part 1 (p^l43). 
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And since this effective space = a; . — , this gives 

velocity = \/ A — h — ^ A pgj. gecond. 

while the piston velocity = w r sin 0 

= (I) r V 1 — cos '^6 

= w \/ ^2 — X r feet per second. 

After impact the mean velocity of the supply column becomes equal to 
that of the piston multiplied by 

/. Change of velocity at impact = I ^ 

= Vj. feet per second. 

If this change of velocity be assumed to take place instantaneously, the 
increase of pressure due to water hammer is given by OB*? lbs. per 
square inch (p. 285). In the example previously considered, taking x = 
*47, we have 

Change of velocity at impact 

= a/ - 1-83 X 7-33 X J'-Vi X -12 
t)B 

, = 4*76 - 1*61 
= 3*15 ffiet per second. 

.*. Water hammer pressure = B’15 X 68*7 lbs. per square inch 
^ = 201 lbs. per square inch. 

,Iii addition to this we have the pressure necessary to produce a retarda- 
A 

tion CO® i* cos 6 - 'feet per second per seTcond in the supply column. 

^8 • 

<i>^rA(l-^\xWa.L 

This pressure = square inch 

dg X <7 X i 44 dg 

_ (7*88)2 X -25 X 1*88 X *88 X 62*4 X 63 
^ 32 X 144 

= 18*5 lbs. per square inch. 

On taking into account the obliquity of the connecting rod, this becomes 
.28 lbs. per square inch. 

The total pressure which may be attained at impact (provided this 
pressure is not sufficiently great to lift the delivery valve), is then givens" 
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by the sum of the water hammer and the retardation pressures, and is 
219 lbs. pci> square inch, t 

By exterpolation from the curves showing the results of the experiments 
under consideration, the actual pressure at this speed would apparently 


vary from about 115 lbs. per square inch with a delivery pressure of 
20 lbs. pLj square inch, to about 195 lbs. per square inch with a delivery 


pressure of 60 lbs. per square 
inch. This is a result which 
might have been inferred, since 
directly the delivery pressure 
is exceeded, the delivery valve 
opens, and the maximum pres- 
sure is reduced by an amount 
which cannot be deduced quan- 
titatively. 

It is, however, to be ex- 
pected — and this is verified in 
practice — that this reduction 



will be greater as the delivery 
valve area is increased, and 
as the delivery pressure is reduced, since the 


FlO. 293. 

latter reduces the pressure 


necessary to produce flow through the valves, v liile the former ensures a 


more easy delivery. 


AiiT. 105. —Effect of the Elasticity of the Suction Column. 

• 

While the formulae already obtained enable the pressure on the piston 
to be calculated with fair accuracy for the greater part of the stroke, it is 
found that the pressures actually obtained towards the end of the suction 
stroke, even when separation does uot take place, are usually much greater 
than those calculated in this manner. So far, it will be* noted, any effect 
which the elasticity of the water column may have in modifying this 
pressure has been neglected. B«.rause of this elasticity, however, the 
change of* velocity and of pressure at the open end of the pipe will lag 
behind that It the piston by the time necessary for a pressure wave to 

traverse the pipe, i.e., by a time seconds, and if the acceleration 

at the plunger end at a. given instant l?e a, the difference in velocity at 

the two ends will be a X f-®* 

Thus, assuming S.H. motion, when the piston comes to rest the 
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2 * 7/1 

velocity at the open end will still be while the njean velocity 

in the pipe will be half Jhis. In virtue of this velocity the column 
possesses a store of kinetic energy which, on stoppage of the piston, is 
transformed into energy of strain, and which in conscciuence rise to 
a. rapid rise in pressure, of the nature of water hammer. / 

Actually this occurs before the end of the stroke at a point where the 

4 700 V • • 

retardation due to the piston becomes equal to ^ , v being the velocity 

of flow in the jTipe at this instant, and the resultant rise in pressure, 
assuming a rigid pipe lino, will equal 03*7 ?? lbs. per square inch. As the 
retardation and velocity can both be calculated in terms of the position 



of the piston when this occurs, and the magnitude of the shock, can be 
readily calculated. 

The effect of the elasticity of the suction column is therefore to modify 
the shape of th 9 diagram as shown in Fig. 294, where the dotted line 
A' U' C represents tjie theoretical curve, neglecting the effect of elasticity, 
and A B Cis the actual curve. 1 

In the iTTOceding investigations, th*e effect of loss of energy^ due to the 
sudden enlargement of section of the stream on entering th^ pump barrel, 
and to valve resistances, has been neglected. In general, howeyer, this 
.will be comparatively small, except where the suction pipe is very short, 
in which case the difficulties already outlined cease to exist. 

Even with a long suction pipe these may be considerably minimised, 
ifoiot entirely removed, by the provision of an air vessel— or vacuum 
W^sel as it is sometimes termed, .since the pressure of the con- 
tained' air is less than that of the atmosphere— on the suction sida^ 
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the pump. The effect of such an air vessel will now be considered. Its 
action is as •follows: — During the first part o" iiie stroke the pressure 
behind the pistoii is reduced and water flows /)ut of the air vessel. The 
lio^v along the suction pipe is thus reduced, as is the acceleration of the 
whole ni^ss of water. This reduces the frictional resistance in the suction 
pipe, whili^ the pressure behind the piston is increased both on this 
account and because of the reduced acceleration. At the same time 
tendency to separation and to water hammer at the end of the stroke is 
reduced, if not entirely eliminated ; the discharge coeff cient becomes 
unity, or slightly less than unity ; and the pump diagram approximates 



Fig. 295.— rressure Diagram from Suction Air Vessel of 
lleciprocatiiig rump. 


more and more nearly to the rectangle given by a perfect pump, as the 

* sizes of the air vessels are increased. 

A typical indicator diagram taken from the suction air vessel of a 
double-acting pump is shown in Fig. ‘29i>. 

• Aut. 106.— Air Vessel applied to a Single or Double-Acting Single 

Cylinder Pump. 

Effect of Air Vessel lAaced on Suction Side off Pump, 

Let as, Vs, and a, represent the area of suction pipe between supply 
reservoir and air vessel, the velocity and the acceleration in this 
pipe respectively. 

a„ V,, a„ represent ditto, in t»-e ’air vessel itself. 

A, V,a represent ditto, in the pump cylinder. 

h,^ represent the pressure of air in air vessel, in feet of water. 

TF represent the atmospheric pressure, in feet of water. 
h,= b iight in feet, of water level in air vessel above centre line of 
^pump. 

During the first part of suction stroke ^ater will flow out of air vessel 
into pump, and for continuity of flow : — 

r, a, + ^ 

Differentiating, we have a, a, + ^ « (1) 

If, as is usual, the air vessel is. placed near to the pump, so that the 
pressure at the junction of air vessel and suction pi^e may be taken as, 
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substantially equal to that in the suction chamber we have, denoting this 
pressure by hj feet of water, neglecting fricttonal losses iif the supply 
pipe, and simply considering the acceleration effect 


T , V T»r ir L a, 

(TT - h, - Jtj) a, J! = ^ 


(21 


Also, considering the flow down the air vessel 

+ K — y" 

Substituting lor a, in terms of a, from (1) we get 

/i, (A a — a, a 1 


) 


+ ^ ^ a. 

Substituting for Iij from (2), this becomes 

" “ ' ' (, ~ “ + ' ” (I [ a„ ' 

/i., A a 

a. 


=»—/«, —ha — h, + 

9 9 


••• ", = 9 I’' ^)j 


(») 


(4) 


(5) 


( 6 ) 


as ^mpared with its value without air vessel. 

Neglecting, for the time being, the variation in ha and /i. with a varia- 
tion in the piston acceleration a, it is evident from (6) that for a. to be 
affected as little as possible by a variation in a, the term involving o must 
be as small as possible. This indicates that a„, the sqctional area of the 
vessel, should be as large, and K as ^"“all as possible-a deduction which 

is verified in practice. ■, 

When the pump is working, the water surface /t, undergoes cyclical 
variations in height, /i,. assuming corresponding values. The connection 
between the two may be obtained on the assumption that the air follows 

> This assumes the air vessel to be of uniform diameter to its junction with the suction pipe, 
: If, as is more usual, the junction is made through a smalier pipe of area «i, this formula 


becomes /!« + lh - A' = 
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the law (pressure x volume = constant), for if TI^ = height of top of 
air vessel above centre line (ff pump : — 

ha {Hv J^v] = constant =i,i^ 

K (7) 




The mean height \ may be adjusted by admitting more or less air 
into the air vessel, and this adjustment should be made unjil k„ is as low 
as is consistent with no air being drawn over into the suction chamber as 
the level varies. 

With a single-acting pump, the total cyclical variation in volume in 
the air chamber is about *56 of the piston displacement per stroke. 

Since the fluctuation in level diminishes with an increase in cross- 
sectional area, an increase in has the further advantage that it permits 
the mean working value of li„ to be i educed. 

Again, substituting in (6) from (8), it appears that while the fluctuation 
in a, corresponding to a given variation in diminishes as increases 
*yot this effect is small compared with that of an increase in a„. In effect 
then, the area of the vessel is of much greater importance than its length, 


and for a given volume, the ratio 


should be as large as possible. 


Example. 

A r= I’O square foot. Z, = 30 feet. 

= *25 square foot, /t, = 9’5 feet. 

a„ = 1*00 square foot. = 4 feet. 

Length of stroke = 1*0 foot. No. of revolutions = 100 per min. 

When the pump is standing let^'i„ = 6 inches. We then have /i„ = 
(34 — 10) = 24 feet absolute head, 

so th|,t 24 { 4 — ^ } = constant = K 
a .-. A = 84! 

Assuming the total fluctuation of volume in the air vessel to be equal 
to *56 tildes the delivery per stroke, this gives a total fluctuation equal to 
*56 cubic feet, and therefore a fluctuation In level of *56 feet. 

The acceleration in the supply pipe corresponding to any value of the 
piston acceleration may now be obtained ftom eq^uation (6). 

32-2 | 34 - 9-5 h, - l) 

*25 /tp 4" 


Thus a, = 
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It only remains to substitute for h„ and if, as indicator diagrams show 
to be usually the case, we assume that this has its minimum value shortly 
after the piston begins its Ruction stroke, we may obtain the acceleration, 
at this point by putting K = [-5 -'28] = ’22 feet in the above expression, 
and by writing 

100^ = 54-8 f.s.s. 


a = 


32-2 


3,()00 
24-5 - 


Then 


84 


+ -22 


^78 
30055 


m-i) 

\32-2 / 


= 2*G2 f.s.s. 

as compared with its value r X 4 = 219-3 f.s.s. without air vessel. 

The maximum acceleration will in general be found to occur at about -2 

of the suction stroke. , 

Evidently a further increase in the size of air vessel, or an increase m 
the length of suction pipe will reduce the value of a, still further, and 
with a suction pipe of any considerable length its value approximates 
very sensibly to zero. In such a case the flow along the pipe is sensibly, 
constant, and the velocity is equal to the discharge in cubic feet per 
second divided by the area of the pipe. If this assumption be made, 
calculations relating to the necessary size, etc., of the air vessel are 
considerably simplified, as will be shown later. 

Modify^ Effect of Friction pid Kinetic losses in Suction Pipe.— Taking 
the total difference of head between supply reservoir and piston as being 
given by ' ' 

/Js-'l -l-iiih. feet, 

/ 9 


1 + 


this may be written as ; — 

' “s ( r sin 
g ' 2 cos 6 


VI 


-iC‘ +</■)+'■! 


feet. 




Since a, = r cos 0 




and = 0 )® sin ^ — o., 


sin 


cosf# 


TT — — % — “ + -O 


,C08 6 


feet. 


The, preceding equations now become : 
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hj = llafK-^‘ (S') 

(neglecting frictional losses in air vessel as bein^ comparatively small). 

On substituting for % in (S') in terms of a, from (1 ), as before, we have, 
equation^(4) 


% 


k 


— Ju + 




( 4 ') 


and substituting in this equation for hj from (2'), on reduction 


a„ cos B 


By substituting in (4') for from (2') we get, on reduction : — 

( t I -T^ bin B\ 

av (L + J^ 

\ cos BJ 


77 — 




1 + 


K ««_ 






( 6 ') 


feet, 


from which, on assuming values for a curve similar to Fig. 290, 

showing the pressure on the piston h»r a series of values of B may 
be ploi-ted. 

In practice, with single-barrel double-acting pumps, suction air vessels 
of from 1 0 to 8‘0 times the capacity of the pump per revolution are 
found to give good results, the necessary volume increasing ;vith the 
rotative speed of the pump and with the length of suction pipe. 


Art. 167.— Air Vessel on Delivery Side of Pump. 

Here exactly the same reasoning ^applies, except that nOw flow into the 
air vessel will take place during the first half of the delivery stroke, and 
flow out of the vessel during the H^jond half when the water column in 
the deliver5' pipe is being retarded. 

Considering’ the latter part of the stroke, for continuity of flow : — 
f’d ~ ^ A V 

. ■ . cid^d — a® ^ o. 

Also hd now correspond^ to {hg — tt) in ‘the case of the suction vesseL 
Equation (2) becomes : — 

h = hi + \neglecting friction); 
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while (3) becomes - 


]i^ -|- -j. -j. JlsJljL 

9 9 

= /'. + A.+ ^{''^" 

9 I 


a. 




lL^, A 0. 

9 (i'v ' 



But without air vessel, so long as separation does not occur : — 

; A 
a d = a — 

^d 

a’^-aa = j ( 4 ^ _ 1 

li+ "-hj I , 

a 

An examination of this equation indicates that the change in the 
retardation in the delivery pipe, and therefore in the pressure in the 
pump, due to the provision of the chamber, increases with an increase 
in and since /<„ is in general small compared with h^l, diminishes with 
in increase in /i„. It follows tlj^t the mean level in the air vessel should 
be reduced tp' the lowest practicable limit, and that /<„, should be as large 
is practicable, ?.(?., the air supply should be maintained so as to keep the 
water-level as low as is consistent with the air vessel still containing some 
Water at the end of the delivery stroke. 

The modifying effect of frictional resistances may be examined as in 
bhe case of the suction air vessel. In general, owing to the fact that the 
delivery head is 'much greater than tlie suction head, and that the water 
at high pressure is able to dissolve an increased volume of air, the air in 
the vessel is gradually absorbed, so that either some device must be fitted 
for renewing the supply, or an air vessel of such dimensions must be 
fitted as will enable the mean level to be maintained fairly constant over 
long periods of -working. In practice, with a single-barrel double-acting 
pump, the delivery air vessel usually has a volume equal to from six to 
nine times the pump displacement per revolution, depending on 
(increasing with) the speed of rotation and the length, of delivery pipe. 
Here, again, an increase in the area of ^ the vessel is of greater advantage 
than an increase in its length. 
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Art. 168. 

If it be assumed that the velocity of flow along the suction and delivery 
pipes is sensibly uniform, and equal to the mean velocity of the pump 
plunger, multiplied by the ratio of areas of plunger and pipe, the volume 
of wate?'eptering the air chamber per stroke may be determined with fair 
accuracy. "'Thus, if the ordinates of the displacement curves ABODE 
(Fig. 296) represent piston velocities, and if A F represent the mean 


B 0 



piston velocity, on multiplying the vertical scale by — the curve would 

dfi 

give the velocities of flow along the delivery pipe if no air vessel were 
fitted, A F measuring the mean velocity. 

Thus the ratio of each of the sectional areas to the whole area A FG E 


K L N! N 



gives the ratio of the volume entering thfe air vessel per cycle to the total 
discharge per revolution. This applies to a double-acting pump. In a 
single-acting pump the Volume discharged will be given by the area 
A U K Ey where A If = J A F, while the volume entering the air vessel 
will be given by the area LB In the case of a double-acting duplex 
pump, having cranks at right angles, Fig. 297 represents the state of affairs. 
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Here the curve Tf K B L B\ etc., formed by adding the ordinates of the 
two single velocity curves A B C\ A' B' C\ etc., gives the velocity of the 
combined discharge, witlio,ut air vessel. The area A E G F represents 
the discharge per revolution, and each of the sectioned areas represents to 
the same scale the volume entering and leaving the air vessel per/jycde. 

These areas may be calculated or measured by planimeter. The 
following table gives the proportion of the whole discharge per revolution 
which enters and leaves the air vessel per cycle.' 




Trot ort ion of Water entorinj; the Air Vessel 

Type of Tump. 


per Cycle. 





Assuming an infinitely 
Long Connecting Roil. 

Ualio 

Crank 
= 4:1. 


Single-acting pump 


•55 

•502 

Two single-acting pumps with 

•85 

•3G5 

cranks at right angles. 
Double-acting pump . 


*105 

•115 

Two double-acting pumps with 

•0105 

•0106 

cranks at right angles. 




Three-throw pump with 

("Single- 1 

1 acting j 

•0109 

•0111 

cranks at 120® 

1 Doubl^l 
[ acting ] 

•0029 

•003 




P6r satisfactory working the volume of the delivery air vessel should 
be from forty to sixty times the volume of water entering it per cycle, 
this proportion increasing with the speed of rotation and the length of 
delivery pipe. 

On the suction side the volume should be from ten tq thirty times the 
volume entering per cycle, this propoftioii also increasing with the speed 
and with the length of suction pipe. , 

To Summarise.— An air vessel on the suction side of a pump reduces the 
maximum acceleration and the range of velocities in the supply pipe, and 
thus,. besides reducing friction losses, reduces the fluctuations of pressure’ 
in the suction chamber, and therefore the liability to water hammer, or 
separation. The steadying effect becomes more pronounced as a, ^ are 
increased and less pronounced as a, is increased. The larger the volume ^ 
of the chamber the erreater is its effect, an increase of sectional 
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being of more value than an increase in length. Also, for efficient 
working, the water-level iif the air vessel should be adjusted by adjusting 
the air pressure, until as low as is consistent '”ith water remaining in the 
vessel during the first part of the suction stroke. For the air vessel to be 
as effective as possible in preventing shock it should be so situated as to 
provide af^ effective air cushion to the entrant water. Fig. 298 a, 6 ,andc, 




Suction Air Vessels for Iiwipiocating rumps. 


ihows various ^methods of applying the air vessel. Of these (a) is very 
ittle good in preventing shock, (h) is good except that the provision of a 
'ight-angled bend at the entry to the Suction 01^10*1)81* is inadvisable* 
The best method is that illustrated at (c), since here the air vessel is in a 
lirect line with the suction pipe, whild discharge either from the air 
vessel or supply, pipe takes place directly into the suction chamber 
vithout the intervention of bends or elbows of any description. It may 
)8 premised that the air vessel should always be placed so that a sudden 
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retardation of the suction column may produce a direct flow into the 
vessel, without the intervention of any acute bends or contracted 
passages. 

Precisely the same reasoning applies to the delivery air vessel, and 
here again, for efficient working, the water-level should be adjut^ted by 
adjusting the air pressure, until as low as is consistent wjjth water 
remaining in the vessel throughout the whole cycle. 

Art. 169.— Air-charging Devices. 

One of the simplest devices for maintaining the level in an air vessel is 
the air injector of Messrs. Wippermann and Lewis. In this apparatus, 
which is represented diagrammatically in 
Fig. 299, the small cylindrical chamber A 
is connected to the pump barrel by means 
of a small pipe with regulating cock, and 
at its upper end carries a valve-box B con- 
taining air inlet and outlet valves, which 
is in turn connected to the air space of the 
air vessel F, 

On the suction stroke in the main 
pump this chamber is partially emptied, 
the air is drawn in through the inlet 
jj^lve. On the delivery stroke of the pump, 
water is forced into the chamber i4.and its 
contained air is driven through its outlet 
valve into the air vessel F. 

The amount of water entering and leaving 
A per cycle, and therefore the air enter- 
ing F,ma.Y bo accurately adjusted by means 
of the regulating cock C. 

Another simple device consists of a small 

Fio.299.-wi^^iSi!n Air Injector, compotnd air pump, worked by the main 
pump shaft, which draws air out of the 
suction chamber, where it tends to accumulate, and pumps it into the^ 
delivery chamber. * 

Art. 170. — Efficiency of the Recirhocating Pump. '' 

When dealing with considerable pressures, the reciprocating puinp if 
^yell designed and working at a fairly sl^w speed is capable of an effifeiency 
ttfnpjo about 90 per cent. 
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Since a large proportion of the loss is due to mechanical friction and is 
therefore approximately independent of the pressure, this efficiency falls 
off rapidly as the working head is reduced, y, that in general, for heads 
below about 100 feet, the centrifugal pump becomes the more efficient. 
The pjpton pump, however, has the advantage of being positive in action, 
is not BOi^liable as the centrifugal pump to lose its water, and has an 
efficiency which, to a larger extent than in the case of the latter type, is 
independent of speed. 

Art. 171. — Positive Rotary Pumps. 

This type of pump forms the connecting link between the centrifugal 
and the reciprocating piston pump. Like the former, its motion is rotary 



and its delivery practically continuous and free from vibration, while, like 
the latter, its action is positive and it will work well over a large range of 
speeds. Its great drawback lies in the difficulty of keepmg the rotating 
pistons tight against each other and agflinst the pump casing, the wear 
which invariably occurs leading to considerable leakage and loss of 
efficiency. 

In spite of this, the convenience of the method of driving, the fact that 
no valves are required, and the steadiness of working, render the pump 
valuable in many instances, and more particularly where viscid liquid is 


628 HYDRAULICS AND tlB APPLICATIONS 

to be handled. One of the best of this type, the Drum Pump, is 
illustrated in section in Fig. 300.^ Here P is the revolving pi&ton, which 
carries two projecting ribs, these gearing into suitable slots on the 
revolving drum D. The piston and drum are geared together by 
external gear wheels, and at each rotation of the piston a volume of 
Uquid = 2 TT R A cubic feet is delivered, where 11 = mean radius of the 
projecting rib and A — its projected area on a diametrical plane. The 
pump is built in sizes to deliver up to about 7(K) gallons ner minute. 


Examples. 

(1) Sketch the displacement curve for a five-cylinder single-acting 
pump having cranks at 72° and, assuming zero acceleration in the pipe 
line, determine the proportion of the delivery per revolution which enters 
the air vessel per cycle. 

Answer. ■0013. 

(2) Assuming no air vessels, determine the critical speeds at which 
separation will occur ou the suction and delivery sides respectively of the 
following pump 


r Cylinder diameter = 10 inches. 

Cylinder stroke -- 18 inches. 

Diameter of suction pipe = 5 inches. 
I Diameter of delivery pipe = 4 inches. 


Length of connecting rod = 3 feet. 

Length of suction pipe = 40 feet. 

Length of delivery pipe = 250 feet. 

I Suction lifb - lU feet. 

^Delivery lift == 180 feet. 


j On suction^rokc 21*7 revolutions per minute. 

'' Answer. | delivery stroke 20*7 revolutions per minute. 

(8) Assuming the pump of example (2) to run at forty revolutions per 
mintute, determine at what point in the stroke shock will take place, and 
assuming -all connections, etc., to be rigid, and neglecting the effect of the 
opening of the delivery valves, determine the maximum hammer pressure 
then produced. ' 

Answer. 99‘3 per cent, of stroke. 

Hammer pressure 8ai lbs. per square inch. 

(4) Determine the discharge coefficients for a pump of 6-inch stroke, 
connecting rod _ 4 _ piston area — ^.gg 

haying a ratio v 1 ' “ suction pipe area 

length of suction pipe = 63 feet, when running at fifty revolutions per 
‘ Wnute, and when the delivery pressure is respectively 

(a) ' 6 lbs. per square inch. 

(b) 10 lbs. per square inch. 

I By opu^tesy of the Drum Engineering Company, Bradford. 
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Also (c) for the same pump when fitted with a suction pipe 36 feet long 
and when •running at sixty revolutions per minute against a head of 
11*5 feet. 

Answer, (a) . . 1*15. 

(h) . . 1*01. 

(c) . . MO. 

(5) A double-acting pump, cylinder diameter 10 inches, stroke 
18 inches, is fitted with an air vessel on the suction side 15 inches 
diameter, and 4 feet 6 inches long measured from its point of junction 
with the suction chamber. The length of suction pipe is 150 feet, its 
diameter is 5 inches, the suction lift, measured to the level of the suction 
chamber, is 10 feet, and air is admitted to the vessel until the mean 
working level is 4 feet from the top, the fluctuation in level being 
2 inches. Determine the acceleration in the suction column at the 
beginning of the out-stroke — ratio of connecting rod to crank length 
being 4 : 1 — when running at eighty revolutions per minute. 


Answer 


I K 

{ a. 


= 23-5 feet. 
= '82 f.s.s. 
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Centrifugal Pumps— Types and Construction— Theory— P.alaneing of End Thrust. 

^ Art. 172. — Crntrifugal Pumps. 

Under low heads the efficiency of the reciprocating pump falls off con- 
siderably, and wlien in addition very large quantities of water are to be 
handled its excessive dimensions render it expensive to construct and to 
instal. When working against a variable head, it also suffers from the 
disadvantage that its speed cannot be increased to any large extent to 
enable it to deliver a larger quantity of water as the head is reduced. 

Under such conditions, with heads ranging from about 6 feet to 100 
feet, the centrifugal pump having a single impeller is on all accounts most * 
suitable, giving q|i it does a good efficiency— up to about 75 per cent, in 
the modern type of pump — along with moderate dimensions, simple con- 
struction, ease of installation and maintained high efficiency under con- 
tinuous working conditions. 

In the latter respect its froed^i from valves gives it an advantage over 
the recipracator, whose valves, glands, and packing rings need to be 
frequently overhauled if the efficiency is to be maintained, this advantage 
beipg still more pronounced where the liquid pumped contains gritty 
matter in. suspension. 

' • A further advantage is involved in its continuous and even discharge 
and the consequent freedom from shock in the delivery pipe line. 

The invention, in 1875, by Professor Osborne Keynolds, of the modern 
form of high lift pump, having an effi<jiency equal to tluU of the old type 
of low lift pump, opened out a new field of application for the centrifugal 
pump, and of recent years this has been to an increasing extent invading 
the province of the .reciprocator,^ its efficiency increasing with improve- 
ments in design, until at the present time heads of upwards of 1,500 feet 
may be overcome with efficiencies of from 75 to 5^0 per cent. In a pump 
designed for such work tha water passes through a sequence of impellers 
^ mounted in series on the same shaft, the increase in head taking ^lace 
in stages. 

Xfifrther ad\jantage of the centrifugal pump consists in the possibility; 
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of adapting it to the high speeds of rotation common in the case of the 
electric motor or steam tucbine, its even torque rendering it particularly 
well fitted for such a purpose, and the general tendency towards the 
extended use of such motors has of recent years given a great impetus to 
the development of the pump. 

The eJ^tent of this adaptability may be realised from experiments by 
M. Bateau/ wh(), using a pump having a single impeller of B'15 inches 
diameter, and rotating at 18,000 revolutions per minute, obtained an 
efficiency of approximately 60 per cent, when pumping against 868 
feet head. 

Indeed, to such an extent have the possibilities in design responded to 
the demands made up )n them in recent years, that the centrifugal pump 
promises to replace the reciprocator to an ever-increasing extent in every 
class of work, except where the volume of water to be handled is very 
small in comparison with the working head. 

I^or mine drainage, the motor-driven centrifugal has the advantage of 
re(iuiring no expensive emplacements ; while for elevator work this motor- 
driven pump, with an automatically controlled rheostat to regulate the 
discharge, ha,s an advantage in that since the delivery pressure cannot 
increase to aiiy large extent, no bye-pass is required. With a reciprocating 
pump this bye-pass is essential and involves a loss of energy by leakage. 

Applied to dredging operations, the centrifugiil pump is capable of 
removing sand, gravel, or clay broken up by a water jet or mechanical 
agitator, the amount of solid varying up to 40 per cent, of the volume 
handled. With a mixture containing 15 per cent, of gravel or b5 per cent, 
of fine sand, efficiencies of about 45 per cent, may be attained. 

In its essentials the pump may be looked upon as a reversed inward 
radial or mixed flow turbine, having the wheel vanes driven in the opposite 
direction to that of rotation in ^ no case of the turbine, and discharging 
outwards. 

If the pump Ue filled, the rotation of the wheel produces a forced vortes 
in the contained water, with a consequent increase of pressure in an 
outward re dial direction and a tendency to outward flow. If the speed oj 
rotation is sufficiently high, this increase in pressure becomes more thar 
sufficient to balance the statical pressure of the delivery head and flov 
takes t)lace. A partial vacuum is thus produced at the centre of th( 
wheel and water is foifjed up through the supply pipe by atmospherii 
pressure to ta]je the place of that discharged outwaids by centrifuga 
action. 


* Engineer^ March 7, 1002 (p. 23). 
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Art. 178 .~-Types and Construction of Centrifugal fuMPS. 

The whole object of a centrifugal pump, as indeed of any pump, is to 
increase the pressure of the water which it handles, and where, as in the/ 
case of a centrifugal pump, the water is delivered from the impelleii with a 
considerable velocity, the degree of efficiency to which the ma 9 ?iine may 
attain depends very largely on the extent to which the kinetic energy of 



Fig. 301. 


discharge from th*e impeller may be converted into pressure energy in the 
pump casing. ^ 

Any device having this end in viewtihould be designed so as to reduce 
the velocity of discharge from the impeller gradually and without shock 
or e35y formation, to that of flow along the discharge pipe. * 

In some pumfs m attempt is made to do this, and the water is simply 
allowed to discharge into a small chamber surrounding, and concentric 
with the wheel, out of which chamber the dischavge pipe is led (Fig. 301). 
Since each of the vanes isliontinuously discharging, the quantity pg,ssing 
1 a. section of the collecting chamber wjll increase continuously from a 
isectiou^at A just past the discharge pipe, to be a maximum at the sectioi^ 
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B just before reaching this pipe. The velocity of whirl in this chamber 
will thus vary from A to and can only at one particular section correspond 
with that at discharge. The result is, that piactically the whole of the 
hinetic energy at discharge is dissipated in shock and eddy production. 

This^ay be avoided to a certain extent by designing the chamber so 
as to hav^ a sectional area which increases uniformly from A to B^ a, 
cutwater being placed as shown at' A (Fig. 302), so as to ensure the whole 
flow being at once discharged from the chamber.^ This is termed a volute 
chamber and is usually so designed as to give a uniform ve locity of whirl in 
the chamber, equal to about *4 times the velocity of whirl' on leaving the 
impeller. 

Here again, however, the velocity of whirl on leaving the wheel is always 
much greater than that of flow in the volute, so that there is still a loss 



by shock due to the impact of the high velocity water leaving the vanes, 
on the more slowly moving water in the volute chamber. ’ 

Practically the eliiciency of the chamber as usually designed is very 
low, experiments hy Dr. Stanton^ iij^licating that it often does not exceed 
about 10 per cent., and that the volute chamber in itself is only slightly 
more eflicient than the concentric chamber.® 

1 This ciJ^wate’’, if designed so as almost to touch^the impeller, teijils tfl cause considerable 
vibration when the pumf is working. Generally the working is found to improve, and the 
efficiency not to suffer unduly, by the provision of a generous amount of clearance at this point. 

2 “ Proceedings Institute Mechanical Engineers,” '1903 (p. 716). 

8 When correctly designed, the chamber, however, is caiMble of converting some 60 per 
cent, of the kinetic efiergy of discharge into pressure energy. For a rational design of such 
chambers a paper to be read by the Author* before the Institution of Mechanical Engineers 
daring the session 1912-13 should be consulted. 
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Whirlpool Chamber.— In the arrangement of collecting chamber suggested 
by Professor James Thomson and known as the vortex ‘or whirlpool 
chamber, the impeller is surrounded by a casing which may be looked 
upon as a volute chamber of uniformly increasing area superposed upon 
a circular chamber concentric with and of considerably larger (Jianieter 
than the wheel. Fig. 803 shows such a vortex chamber. In (tie concen- 
ric portion of the casing, the water on leaving the wheel is free to adopt 
ts own manner of motion which approximates to that of a free vortex. In 
his vortex the pressure increases outwards, theoretically following the 
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ordinary free v(p*tex law. Uniform discharge then takes place around the 
circumference of the vortex chamber, through the gradually increasing 
volute passage. The great drawback to this device is ^that to get a very 
efficient chamber, the diraerisious bedomo excessive— the efficiency increas- 
ing with the radius — and, in consequence, it is seldom adojited save in a 

modified form.^ In this form it is very general. ^ ^ 

Even with this •chamber, hoi^ever, the efficiency ^f transformation is 
greatly diminished owing to the instability of diverging motion apd the 
►consequent loss of head in eddy formation, a\id the efficiency actually 
Obtained does not in general exceed about 40 per cent, of the theqreticaL 

Guide Vanes.— The tendency to instability of motion and the hea^ 
lOBsee due to shock^may be largely prevented by the introduction of 
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guide vanes around the impeller, as shown in Fig. 304,^ havitig angles so 
designed as to receive the water without shock on leaving the wheel, and to 
direct this by gradually diverging passages, (?i,.ijer into a vortex chamber, 
or directly into the collecting volute from which 'it is taken by the dis- 
charge |/ipe. In the latter case the pressure change takes place entirely 
in the guid^ passages themselves. The angle a which the guide vanes make 
with the circumference of the discharge circle is calculated exactly as in the 
case of the inlet vanes of a turbine, and, where the pump is required to 


B 



work under variable conditions, should be suited to the discharge at which 
the maximum efficiency is desired. Thus fitted, the pump becomes in 
every essential a reversed turbine, and is commonly known as a ** turbine 
pump. Wfie.-e the guides deliver into a vortex chamber they should be 
designed so as* to follow the curvature of the stream lines in free vortex 
flow wiih^ the discharge, and with the tangential velocity at the entrance 
to the guides, obtaining under normal conditions of woriiing. The ring 
of guide vanes in such a* pump is kno\tn as the difuser ring. Under 
favourable circunjstances such an arrangement is capable of converting 
up to 75 per cent, of the kinetic en^jrgy at discharge into pressure energy. 

1 By courtesy of the Buffalo Steam Pump Company. 
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Where the conditions are very variable, however, the guide— or diffuser 
ring — may easily prove an actual source of loss by shock lather than of 
efficiency. Under such circumstances the guides are preferably omitted,^ 
the most suitable type of pump being one fitted with a moderate vortex 
chamber and volute, this both on account of its greater adaptability to 
varying circumstances, and of its cheaper construction. 

Types of Centiufugal^ Pump. 

Centrifugal pumps may be divided into three classes : — 

(1) Pumps •having a single impeller with open vanes, and discharging 
[irectly into a volute casing or vortex chamber. 



Fig. 305,— Open Vnned Centrifugal Punip with Balancing Vanes. 

t 

(2) Pumps having a single impeller with encased vanes, an*d either dis- 
jharging as above, or fitted with a diffuser ring between impeller affd 
i^ortex chambeV. • # 

(8) Compound pumps, which are invariably fitted with encased vanes and 
with diffuser rings with or without the addition of a vortex chamber. ** 

. Fig. 805 shows an exafnple of the first type, having ai\ axial inlet^on om 
ride only of the impeller. Here the wajer is deflected into a radial direction 
by the conical disc on which the vanes are formed. 
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Fig. 301 shows a pump having vanes open on both sides, with a suction 
inlet on each •side of the wlieel. This type has the advantage of being 
perfectly in balance as regards axial thrust on Vao shaft, while the single 
inlet type necessitates provision being made for balancing any such thrust. 
On the ^j]her hand, -the single inlet pump is particularly convenient for 
situations where a vertical shaft is permissible, and, as denoted in the 
figure, lends itself to a very compact and simple type of construction. 



Fio. Single and Double Inlet Encap'' "' Inipellcrfl with Vortex Chamber and Volute. 


The open vane pump is, however, subject to considerable and incalculable 
loss by slip or leakage of water between the pump casing and impeller 
blades, and %hile this may be reduced by making the clearance at these 
points as small as possible, the presence of gritty matter in suspension in 
the water^causes rapid wear, and the slip may then become excessive. 
Furthermore, the disc friction accompanying the rotation of such open 
vanes over the surface of the casing is considerably greater than when 
the vanes are enclosed at the sides by discs or* shroudings, so that on 
every count the latter encased type of pump is preferable. Such a pump, 
Fig. 306 a and 6, may have either single or Rouble suction inlet, and 
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will thus require balancing for end thrust or not, just as does the open 
varied pump. The possibilities in this direction are sonrewhat greater 
than with the latter type.^ 

It is very suitable for beads between 30 and 30 feet, but must, for high 
efficiency under high heads, be fitted with guide vanes outside ih§, impeller 
ring. As thus constructed, efficiencies up to about 80 per «3nt. may be 
obtained. Free circulation of water behind the impeller and into the 
suction space is usually prevented by the introduction of a brass packing 
ring at V (Fig. 306). 

Where the ‘ivorking head exceeds about 100 feet, the single impeller 



Fig. 307, — Worthington Single Impeller High Lift Pump, 


pump as usually -constructed falls o& rapidly in efficiency owing to tne 
necessary high speed of rotation and the consequent excessive frictional 
and eddy losses. It may be compc^atidcd, and so made suitable for such 
work by mounting a number of impellers in series in separate chambers 
and on the same shaft, each taking the discharge from its ^edecess6r 
and raising it* through a fraction of the whole head dependmg on the 
, number of impellers used. For this to be done with fair efficiency, it is 
essential that as far as possible the kinetic en^gy of discharge from each 
' wheel be converted into pressure energy before entering, the next c'^ambei;, 
and this renders the use of efficient volute chambers or of guide or diffu^ 
vanea on the discharge side essential. 
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Where the water to be pumped contains grit, as is usual for example in 
colliery workkigs, the leading edges of such vanes are apt to be badly worn 
or bent from their original position, in which cnse the efficiency of working 
is seriously affected. To obviate this difficulty a design of single impeller 
high-lifi^punip, in which these multiple vanes are absent, has been evolved 


t 



• Fits. 308. —Worthington Single Impeller High Lift Pump. 


by the Worthington Pump Co., and is illustrated ^in .Figs. 307 and 
808. In this pump, designed to deliver 2,500 gallons per minute at 
1,170 revolutions per minyte against 300 feet head, the combined efficiency 
of pump and motor attained, on test, a maximijm value of 73*8 per cent. 

the correspondiifg pump efficiency being approximately 80 per cent.^ 

» 

» Engineering, Fob. 6, 1909. By courtesy of Messrs. The Worthington Pump Co. 
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Some modern types of construction of the compound high-lift pump are 
indicated in Figs. 309 to 317. • * 

Fig. 309 shows the construction adopted by Messrs. Sulzer Bros. Here 
the impellers are mounted in pairs back to back, the flow through these 



Fig. 309.— Sulzer Sextuple Compound High Lift Pump, 


being in opposite directions. By this construction each pair of impellers 
is in balance as regards end thrust. The pump is fitted with diverging 
guide passages, curved vanes, and a vortex chamber, while Fig. 310 shows 
the type of water-sealed stuffing box and 
\^er-cooled bearing adopted by the makers. 
^The Buffalo high-lift pump (Figs. 311 
and 312) is built on somewhat similar lines 
also having impellers mounted in pairs, 
while in the Mather-Beynolds pump (Fig. 
313), constructed with a double inlet to 
each propeller, the guide passages and 
curved vflues are retained, while the vortex 
chamber is omitted. The construction is 
thus simplified without Seriously affecting 
Fig. 310:— Water-Sealed stuffing- efficiency, a quadruple puiAp of this 

type giving efficiencies up to 75 per cent.' 
when delivering 1,000 gallons pej: minute against 320 feet head. • 

The foregoing arrangement of impeller, however, necessitates compli- 
cated and tortuous connecting passages, and a simpler construction iS' 
oj^tained where, as shown in Figs. 314 to 318, impellers, each having a 
^sfegle inlet, are used. This system has the further advantage tiiab any 
odd number of impellers may be. used, bn the other hand, with the singl6| 
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Fig. 313. — Mather- Reynolds High- Lift Pump with Double Inlet, 


I 

I 



Fig. 3H.— Mather- Reynolds Quadruple , Turbine Pump. 


Jnl«t, end thrust becomes serious and special devices umst be ado|>ted 1 
-overcome this difficulty. These will be considered in detail in Art. 18J 
'With any of these types of pump, efficiencies of between 72 and 80 pi 
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Fig. 315.~-lloldon and Brooke Quadruple High-kift Pump. 




cent, may be obtg,ined, while they are all capablfi of being constructed so 
as to deal with heads up to about 600 feet, the head in each chamber 
' usually varying from 60 to 100 feet. 
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The maximum speed of the impeller is limited by the fact ihat a 
extrejae speeds cavjtation is set upi and the pump will not fill itself. 


Fig. 317, — Worthington Quadruple High-Lift Pump. 
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Leakage fijom stage to stiige of a higii-lift pump is prevented by brass 
packing rings surrounding the shaft between each pair of chambers, while 
to prevent corrosion of the pump spindle this is usually protected by a 
brass sleeve. 

Admission of air on the suction side of such a pump is to be guarded 
against wifti the greatest care, as being productive of inefiiciency and of 
considerable shock in the pump casing and delivery pipes. 

Art. 174. — Suction and Delivery Pipes. 

The area of the suction pipe is commonly made eciual to the discharge 
area of the impeller. A foot valve and strainer should always be fitted 
to this j)ipe, the area through the valve being not less than half that 
of the pipe. No part of the pipe should be above the pump inlet in order 
that the formation of air pockets may be prevented, while when the pump is 
circulating water through a pipe line forming a syphon, an ejector or air 
pump should he fitted to the highest point of the pipe, for priming the 
pump and for the removal of any accumulation of air. 

The suction lift should be as small and as direct as practicable, and 
should never, if jiossible, exceed 20 feet. Where hot licpiids are to be 
handled, the vapour pressure reduces the possible suction lift, the effect of 
temperature in the case of water being as follows : — 


Tomperature of water, degiees Fahr. 

60° 

100^’ 

1 140° 

1 • 

180° 

1 

212° 

1 

Maximum theoretical suction lift . 

330 ft. 

31-4 ft. 

j 20-7 ft. 

1 Ifi'Tft. 

0 


Practically the limit is reached much before this because of the lil>era- 
tion of air when the pressure is reduced nearly to that corresponding to 
the saturation temperature, and because of the increasing importance of 
slight air leakage ali joints, and at ti e stuffing boxes of the 2 mmp spindle 
at these lo\, jiressures. In no case should the suction lift exceed two- 
thirds of the values given above, while where hot liquids are to be lifted it 
is advisalJte to jilace the pump below the |upply level. • 

The above remarks may be taken as applying with equal force to the 
reciprocating pump. , 

When parallel, the area of the discharge pipe should, in general, be not 
less than that of Ihe suction pipe, and may with advantage be increased 
to three times this area where the working head is high. It is, moreover,, 
advantageous to have a main discharge pipe of greittei area than the' 
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outlet from the collecting chamber of the pump, the connecting pipe 
having a gradual divergence. By this means a partial conversion of 
kinetic into pressure energy is obtained in this connecting pipe. 

With heads exceeding about 100 feet, a non-return valve shpuld be 
fitted on the delivery side, while when delivering into a rising main of 
great length an air vessel should be fitted on the same side of the pump 
to avoid shock on starting and stopping. 

This is specially advisable with a belt-driven pump, where the vibration 
» of the belting may produce variations of 



considerable magnitude in the angular 
velocity of the shaft under normal work- 
ing conditions. In a belt-driven quad- 
ruple high-lift pump under the author’s 
observation, making 1,400 revolutions 
per minute and discharging through 
600 feet of 4-inch piping, against a 
total head of 14B feet, the pressure in 
the last collecting chamber varied froih 
122 to 164 feet. One successful com- 
bination of non-ieturn valve and air 
vessel is illustrated in Pig. BIB. 

Self-charging Device. — Since a centri- 
fugal pump will not begin to lift unless 
first charged with water, if fixed above 
Supply water level provision must be 
made for priming or flooding the pump 
easing from an auxiliary pressure 
supply or for withdrawing the air by 
meh.n8 of an ejector or auxiliary air 


pump. 


Akt. 175.— Geneiul Txieory of Centuifiioal Pump. 


In the followin*^ discussion /3f the theoretical consideratioifs goverm 
ing the design of the centrifugal pump, the symbols used are the 
same and have the same meaning as in ' the case of the turbine 

Thus the suj0&x (1) refers to the water just before entering the impellet 

(2) refers to the water just after entering the impelled. ^ 

(3) refers to the water discharging from the impeller;4H 
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while U 2 = peripheral velocity of impeller at entrance. 

7^3 = jleripheral vcloftity of impeller at exit. 

/3 = vane angle at entrance. 

y. = vane angle at exit. (Fig. 8 1 9.) 

In this discussion it is assumed throughout that the pump runs full at 
all speedj^ within its working limits, the theory ceasing to apply if 
any action of the nature of cavitation take place. The further assump- 
tions are made that each particle of water, immediately before entering 
the wheel, is moving radi- 
ally, and that its initial 
velocity of whirl is zero, 
and also that all particles 
of water on leaving the 
impellers have the same 
velocity and are moving in 
directions which make the 
same angle with the tan- 
gent to the periphery at 
the point of discharge. 

Form of Vanes. — Just as 
in the case of the turbine 
all shock at entrance to the 
vanes is to he avoided, 
and, assuming radial flow 
at the entranci^, this gives 
as a necessary condition 

for entry without shocks 
(Fig 819 ) 319.— Velocity Diagram for Vanes of a Centrifugal 

,/i = V 2 tan /3. 

The rehitive velocity of water and vane at entrance is then given by 
, 2 iV = ft cosec p = 

If the angle |3 does not satisfy the above condition, there will be loss 
by shock at entry. The magnitude of this may be approximately calcu- 
hted, for jhe relative velocity of water and vane in the direction of rotation 
before entering the wheel is tia, while th% relative velocity in the same 



direction after entry is cot p. The loss of head due to this change in 
relative velocity is then approximately e^ual to 


(^ 2^/2 cot p f 


(p. 83). 


The greatest source of loss in the pump, as compared with the turbine;, 
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is, however, due to rejection of kinetic energy in the discharge from the 
impeller, for while this is comparatively unimportant in the turbine, it 
becomes of tlie greatest importance in the pump, since it is when leaving 
the wheel that the water is moving with its niaximuiii velocity. At the 
best, only a portion of this energy of discharge can be recovered hymeans 
of a vortex chamber or guide vanes, and it is therefore advisahlo to reduce 
the velocity of discharge to as low a point as is compatible with efficiency 
in other directions. This may he done by curving the vanes backward at 

their tips, so as to make 
the discharge angle y 
(Fig. 1120) less than 90^. 
The relative velocity of 
wat(5r and vane at dis- 
charge then has a tan- 
gential component in the 
opposite direction to that 
of the wheel’s rotation, 
this component increasing 
as y is reduced, tlie result 
being that the absolute 
velocity of discharge is 
reduced. Thus, for ex- 
ample, in Fig. 320 the 
triangkis of velocity are 
drawn for the cases in 
which the vanes are re- 
spectively radial, curved 
forward at exit, and curved 
backward at exit. In each 



fVg. 320 .— Velocity Diagnim for Vanes of « 
Pump. 


Centrifugal 


case the same value has been adopted for /s, the velocity of flow at 
exit, and for «3 the peripheral velocity of the vanes, while a c represents 
the direction and the absolute velocity of discharge. ^ 

A comparison of the diagrams will indicate how this diminishes as the 
angle of backward inclination of the vane tips increases. . 

As will be seen ‘later, however, the necessary peripheral speed of the 
wheel for pumping against a given head increases as y is reduced, and 
this causes the frictional losses, which vary approximately as 'i.», to 
increase. ' . 

This backward curvature of the vane? offers a further advantage In tha 
it^rves passages of more uniform cross section. This reduces the divjw^ 


CENTHIFIIOAL PUMPB 


649 


gence, and thus the tendency to instability of flow, which is one of the 
important factors in reducing the efficiency of the pump as cbmpared with 
the inward flow turhiffe. Since the relath'e. velocity of flow increases 
outwards, the passages would in all probability be most effective if designed 
so as Jo be convergent outwards to suit this increased relative velocity. 
This viewtis borne out by the ri^sults of a series of experiments carried out 
by Mr. J. A. Smith, of Melbourne,^ in which instantaneous photographs 
of the flow through the impeller of a pump model while freely discharging 
into the atmosphere, indicate tliat at a certain velocity i,lie water tends to 
leave the b'.adirig face of a passage as indicated in Fig. 321, which is 
reproduced from his paper. If discdiarging under pressure it is evident 
that the empty space shown in these passages would be occupied by dead 
i^ter and would be the 
scnh^je of considerable loss 
in eddy production. Tbe 
successive curves 1, 2, and 
3, mark the boundaries of 
tlie stn^am wilh increasing 
velocities. 

In practice, the purpose 
for which the pump is 
designed determines the 
value of 7, which may 
have any value from 15^^ 
to so that in general the water on leaving the vanes has a compara- 
tively high absolute velocity. 

. As is apparent from Fig. 320, at discharge, 



Fig.*321. 


/h cot y = ?ej - «•;], 

while the relative velocity of water and vane is given by 

ni'r = fa cosec y. 

Work done on^Pump. — The tunriug moment on the shaft, equivalent to 
the change per second in the angular momentum of the water passing 
through the wheel 

= I trs Vq — ? *2 ^2 } foot ^ 


Work done on water per second == 


Jit'a »*3 — w'2 (0 foot lljs. 


1 See Engineering^ December 5, 11)02!? This view is also borne out by the results of 
experiments by C. B. Stewart, Bulletin of University of Wisconsin^ No, 173, 1907. 
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And since the initial tangential velocity of the water, before corning under 
the influence of the impeller is zero, this becomes * 


U == 


W Q 

a 


?•» (1) = 


\VQ 

(I 


\ 

(r-i uq foot lbs. per second. 


= foot lbs. per lb. 

!f 

This is quite independent of all losses in eddy formation, shock, and 
friction in the wheel passages, and if to it be added the work done against 
the friction of the irapellei* on the surrounding water, against the 
mechanical friction of the bearings, and that absorbed in pumping water 
which may leak from the discharge side to the suction side of the impeller, 

the result will give the power required 
to drive the pump. The w^ork done 
against < these resistances may be ex- 
perimentally obtained by driving the 
pump at the required speed of rotation 
with the discharge valve closed so as 
not to deliver any water, and by noting ^ 
the power then absorbed. This will, 
however, be somewhat high owing to 
the fact that leakage round the im- 
peller will be greater than under 
normal running conditions, and also 
that power will be absorbed, owing to 
the viscosity of the water, in main- 
taining a rotation of the water in the 
eye* of the pump and in the collecting chamber surrounding the wheel. 
Also, in all probability, in maintaining such a series of currents as 
indicated in Fig. 322. , 

Energy obtained from Pump.— The useful work done by a pump is the 
product of the weight of water handled and the heigl^ through which 
tjbis would be lifted provided there wer^ no losses of head in suction and 
dllivery pipes. 

If H is the diSerence of level between suction and discharge rqgervoirs,' 

^ Hf the friction loss in suction a^nd delivery pipes, and v the velocity of 
,;Pow -along the discharge pipe, the energy obtained from the pump per lb.* 

—3 * 

oi^frater = H + H/ + foot lbs. ^ / 

^ / If pressure gauge or manometer readings be taken on the suction and. 
’■:ftelivery pipes at the^same level immediately before and behind the pUXnp^ 
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the saction reading will be — ^ i/, + llj^ + “ ^ and the delivery 

p 2 ,J72 

reading will be if the section of the pipe is 

increased after passing the manometer, and will be if it 

remains (?f the same cross section. In either case if the “ mano- 

i;2 

metric head ” will be given by H + Hj + rr 

^ !) 

It is worth noting that this is greater than the head IV obtained by 
adding the dead lift 11 and the friction head 11 j. In the Tivernge pump v 
may range up to 8 feet per second, so that in a low lift pump the term 

jj^ahould not be neglected. 

Efficiency of Pump. — Manometric Efficiency. — Neglecting losses due to 
disc friction, mechanical friction, and slip, we have seen that the work 

done on the water per lb. is -- foot lbs. The ratio of the energy 


0 


obtained from the pump per lb. of water, to is sometimes termed the 

hydraulic efficiency, but more correctly the theoretical manometric 
efficiency )/. 

. , _ 9 [In _ gJJm 

^3 M '3 — /s cot yj 

Hydraulic Efficiency, — The work actually done on the water per lb. is 

given by + ]i'\y where represents the total loss of energy in 

foot lbs. expended in overcoming hydraulic resistances in the pump itself, 
and the ratio 

^‘s Wa I X ' 

- + L, 

is more correctly •termed the hydr^inlic efficiency. 

Actual Working Efficiency.— The actual working efficiency is the rat|o 
of the energy obtained from the pump to the work done on the pump 
shaft pel' lb. of water. If N be the number of revolu^^ions per second ; Q 
the volume per second in cubic feet; and 7' the turning moment on the 
shaft in feet and lbs., 

Q 


’1 = TT 


NT' 

where and are respectively the hydraulic and^mechanical losses 


0 WQ 
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the pump. From this result it appears that as the discharge Q is 
diminished the actual efficiency diminishes more rapidly than the mano- 

metric efficiency whic*b indeed has a value usually about *5 when 

the discharge Q and therefore the actual efficiency is zero. Under formal 
conditions as to liead, speed, and discharge, the calculated minometric 
efficiency is, however, not widely different from the true working efficiency, 
the ratio of the latter to the former ranging^ from about *85 in a pump 
with recurved vanes and an inefficient collecting chamber, to about 1*0 
in a pump wi!h radial vanes and an efficient vortex chamber or 
diffuser, so that a knowledge of the probable manometric efficiency 
guided by a knowledge of the performance of somewhat similar pumps, 
enables the working efficiency to he predetermined with a fair degree of 
accuracy. 

Change of Pressure in Passing through Pump. — As will be clear from 
what has already been said, the increase in pressure during the passage of 
^the water through the pump must be such as to balance the shitical head 
together with the head necessary to overcome frictional resistances and 
that equivalent to the kinetic energy of flow along the suction or discharge 
pipes. 

Where the water, on leavinjj the wheel, is allowed to make the best of 
its way to the discharge pipe without the provision of a volute, vortex 
chamber, or guide van/3S, the of discharge is entirely dissipated in 
shock, and the full pressure change takes place in the impeller. Where 
provision is made fov gradually reducing the velocity of the discharging 
water by one of these devices, a further increase in pressure takes place 
afte/ leaving the impeller but before leaving the pump casing, while if a. 
diverging discharge pipe is used, as is often the case a further increase 
in presaure takes ^lace in this pipe. , 

The magnitude of these changes in pressure will now be considered. 

(a) Change of Pressure in Passing through the WheeV— The absolute 
velocity of a particle of water at any point in the wheel may b^ resolved 
into two components, one of whirl .with the wheel with a. velocity oj r, 
and the second pf flow parallel to the vanes with relative velocity 
This latter velocity fs evidently that which the water would have if the 
same. volume were passing with the wheel at rest.^ The total differenqe of 
, pressure at any two different radii is thus compounded of the differeimes 
duo to— : 

Rotation in a forced vortex with aifgular velocity 
(2) Outward flow parallel to the vanes with velocity 
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In the forced vortex we have, considering the points (2) and (3) : — 

2^ _ <*>2 
W 2 51 W 2 cf 

. — j>'2 _ (ri? — __ — ^2^ . /j V 

*• JF "" 2.r ~ “2^ » 

while dud to relative outward flow we have — 

V% , 2^,2 _ ?>"3 , 

ir"^ 2 </ "" II' 'I ff 

P^^ii — _ *P'r^ — 3^^-*'^ 

•’* Ir^ 

_./2^ + — fi? cosec V 

~~ 2 <f ' 

Summing these and writing ^>3 = 1/3 + 2>''8, otc., we get the total 
difl'erence in pressure between the inlet and discharge edges of the vanes, 
; , Pn - ?>2_ + f 2 - cosec V 

~W- 2g • W 


Example. 

. A pump, 1 foot diameter at inlet, 2 feet diameter at outlet. 6 inches 
broad at inlet, i inches at outlet, discharges 5*0 cubic feet per second, 
when making 200 revolutions per minute. Determine the rise in pressure 
in passing through the wheel, and hence, neglecting all frictional losses, 
the head pumped against. Assume y = 25° and neglect the effect of the 
vane thickness. 

Here Q = /a X X i = /a X 2 tt X J 


= 318 f.s. 


2*386 f.s. 


Again, 1/3 : 


2 TT X 1 X 200 


~ 20*96 f.s. 


and CO sec = 5*6 

, (W + (3 - W - (MW X 5-6 ^ ^ 

Jl 64*4 

& 

.*. rise in pressure, jig — ps = 6*48 X 62*4 = 404 lbs. per square foot. 
Head pumped against = 6*48 feet. 

(b) Change of PresBure in Volute Chamber. — Writing' the gain of head in 


this chamber as + /s^) feet : 

^ 9 


feet we have 


Experiments show that K has a value often as low as *10. With a we4*. 
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designed volute chamber, however, experiments show that K may be 
increased to about *60 (see p. 683, footnote). • ‘ 

(c) Volute provided with Divergent Discharge Pipe. — If the discharge 
from the volute take place into a pipe of gradually increasing sectional 
area, the gain of pressure in this pipe may be readily estimated ii^ terms 
of the velocities of flow from the data of Art. 34, p. 84, when the angle of 
divergence of the sides is known. 

(d) Change of Pressure in Vortex Chamber^. — Here the water on 
leaving the vanes forms approximately a free vortex; the pressure 
increases as tht velocity diminishes towards the outside of the chamber, 
and part of the kinetic energy of discharge may thus be recovered as 


pressure energy. 

If the suffix (3') now refers to the outside of the vortex, we have, neglect- 
ing changes of level between (3) and (B'):— 

P n’ - 7'a _ (K\ 

JT " - 2ff ' ’ 

giving the gain of pressure head in the chamber on the assumption of true 
^ vortex motion, with no eddy losses. 

But if 7*3 and t'q are the inner and outer radii of the chamber we' 

have — = - = c (say) 
t‘8 ^’8' 

Pa ' - pa _ (1 - +/ 3^)_(1 

"W ”” 2// ' ■ “ 2i/ 


c^) 


feet of water. (6) 


The theorcstical efficiency of the vortex chamber may be taken as 
Mowing table indicating how this varies with an increase in 
tte radius of the chamber. 


Value cf 

rs 

100 

1'25 

1-60 

1'76 i 

2-00 

1 

2-60 

3-00‘ 

Theoretical efficiency *of vortex chamber 

0 

• -36 

'656 

•673 

•760 

•840 

'889 











Experiments by Stanton^ on a pump having a vortex chamber 18 inches 
iia diameter, showed a chamber efficiency of about 39 per cent, tpith either 
a 7-inch or an 11 -inch wheel. 

The actual gam m pressure is^thus considerably less than thaf obtained 
in the ideal case, and is given more nearly by— 

: ; KW + / ■■)(! ’.(7) 

K varies probably from *4 to *6§, depending on the form df the 

I Proc. Inst. Mech., Eng., 1903 (p. 716). 
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vortex chamber. On adding this gain of head to that previously obtained 
in passing fhrough the wheel we have : — 

Ps — Pa Ps ~ Pi _ K (hV + 

W ~ ' 2 1/ 

, iia^ + fi — fa ensec V 

+- - W 

= total gain of pressure head in pump. 

(e) Change of Pressure in Guide Vanes. — In Stanton’s experiments on 
a pump fitted with guide vanes and radial impeller vanes, the guide 
efficiency varied from 59 per cent, to 70 per cent., while With back curved 
vanes this efficiency varied from 47 per cent, to 52 per cent. With a 
third wheel of 12 inches diameter having curved vanes and working 
under a head of 65 feet, 


the guide passages had 
an efficiency of 75 per 
cenr. 

In each case, with 
curved vanes, the vane 
angle at inlet was 15°, 
at outlet 80^ guide angle 
a = 3°. Vane thickness 
*06 inch. Four guides 
were fitted, and the nuin- 



Fio.m 


her of impeller vanes was 

varied from twelve to twenty-two without any apprf^piable eilect on the 


efficiency. 

An examination of Fig. 323 shows that the correct value of o> is 


given by — 


^ c e c 

tan a - ^ ^ 


/s ^ 

” tin — /i cot y 

Since t^ie guide passages are fectangular in section the guide vanee 
should dive-ge at an angle of about 11° (p. 87) for maximum efficiency; 

‘ Under tjjese conditions, with a designed so as to prevent shock at entry 
to the guide vanes as far as possible, '^about 75 per cent, of the kinetic 
energy of discharge is converted into pressure energy. 

The total gain of pressure head in the pumij is then equal to : 

• + feet 

^ 9 

where k has a maximum Pf about *76. 
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The general effect of the curvature, length, and dimensions of entrance of 
the guide passages, and of the curvature and angle of delivery bf the return 
passages to the eye of the ijnpeller, are shown in the curves of Fig. 824.^ 
Head and efficiency curves are given for four different designs of guide 
and return passages, the same impeller of standard shrouded typ® being 





GALLONS, PER WIINUTE i \ 

' I ' • < 

A B CAB • 

1000 • ’500 


Fig. 324.— Effect of Guide and Return Passages of Different Ford? 

used in each case. ^Design A has short guide vanes with, wid«^ opening 
on the radial line. The return passages are of similar curvature. 
Design B has similar guide vanes, but the return passages have a ^hort 
curve becoming radial neg-r the eye of the impeller. Design C also* has 
similar, guide vanes aod the return passages are simifar in curwture 

Proc. Inst. Mech. Eng., 1912, No. 1, p. 18. 
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to those of A, but are not extended to the outer periphery of the return 
chamber. In design 7) thb opening on the radial line is only one-half 
that in A, B, and C. The return passages a^’e similar to those in (7. 
The head and efficiency curves are given for speeds of 1,000, 1,500 and 
2,000 evolutions per minute, and show that design D is much inferior 
due to thrc4tling at the throat of the guide passages. B is superior tO j^ 
both A and C in generation of head, and superior to A in efficiency 
especially at low speeds, but is inferior to C in efficiency except at high 
speeds. At these speeds great loss of energy results on the eddying 
which takes place in tlie collecting chamber of C which is prevented by 
•the guides forming the continuous passages of design B, Design B is 
most usually adopted as best meeting average conditions. Design (7, 
which approaches more nearly to the conditions of a single chamber 
pump, gives considerably higher maximum efficiency at speeds of 1,500 
and 2,000 revs., due to less power being absorbed by friction against the 
walls of the guide passages, and also to tangential motion imparted to the 
water as it enters the subsequent impeller by the tangential curvature of 
the return passages. 


Art. 176.— Manometvmc Efficiency under different Working 
Conditions. 


/ If there were no losses in the pump other than those already considered, 
the expressions just obtained would give the ma^iometric head H^, 
Actually, frictional losses and leakage in the impelter itself along with 
losses due to shock at entrance to impeller vanes and to guide vanes at any 
other than normal speed and discharge, make the true manometric head 
less than that calculated. The ratio of the calculated manometric head 

— neglecting these losses — to the bead -- - -- is termed the theoretical , 


manometric efficiency and will be denoted by r}\ 

If the sum of th<i dead lift, 7/, and of the friction loss Hf in suction and 
delivery pipes be called 77', the total gain of pressure in the pump musL, 

be 77' + ^ feel, where v is the velocity of flow along the discharge pipe. 

Thus, neglecting hydraulic losses in the impeller 
^■8^ + /a^ ~ fi? cosec V , f increase in pressure ) _ t ^ f f /q\ 
2^ i after leaving impeller/ ^ ^ 

and we have : — • 


CQsec ^ + k 

i 
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( 10 ) 


__ fh? C0S6C V + 

““ 2 'M3(;(3 — yijcoty) 

where k has the value iiuficated in the preceding article for the type of 
pump under consideration. 

The various cases will now be considered in greater detail, S,nd as, 

except for very low lifts, is small in comparison with 7/' while v is 

approximately equal to/^, the foregoing expressions will be simplilied by 
writing 


cosec 


and 


7 ] Z= 


= //' feet (11) 

( 12 ) 


[ increase of pressure 

1 after leaving impeller 
- Jl? tNisec ^y + /.• 

2 ih {fhi —./•{ c‘ot y) 

(1) Pump without Special Provision for Utilizing the Kinetic Energy 

of Discharge from the Impeller.— Here k = o, and if the pump bo working 
so that water enters without shock, 


7}^ = } , 

^ — /acoty) 

while 2 g IV = — j'i cosec ^y 

so that W;} = V 2 g I V + cosec ‘"^y 

If y = 90°, i.e. with radial vane tips. 

. .r M 

a value, jyhich is always lesj^han 50 per cent. 

If y is very small cosec y = cot y (ai)prox.) and we have 

■q' = (approx.). 

*( 2 /(3 


(Id) 

(U) 

(15) 


Since yj] cot y or /a cosec y approximates more nearly to as y diminishes, 
the theoretical *efficiency in this case approximates to a value unity. 

Usually /a is taken as some definite fraction, commonly from } to J of 
\/2 g //', and the following table shows how g' varies with y for these 
values of /s. 


y 

t 

90 “ 

‘ 60 ° 

30 ^ 

». > 

15 ° , 

• V'lJlF 

iVWT' 

/k- 



i 

1 

i V‘2gH! 

1 V igii' 

1-03 

•47 

1-008 

•40 

1-04 

•53 

a-oi 

•63 

M2 

•05 

1-03 

•61 

1'39\ 

•79 

Ml 

•jTO 


r 
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Effect of a Variation in y.-— Equation (12) indicates that as y is diminished 
the efficiency is increased, and this is in general borne out by the results 
of experiment. As previously pointed out, however, this gain in theo- 
retical efficiency is to a certain extent counterbalanced by the fact that 
since a diminution in y necessitates an increased speed of rotation 
for pumpilg against a given head, this involves increased frictional 
losses. 

Thus experiments by Parsons ^ on two 14 inch impellers, one having 
y = 90^ and the other y = 25^ (approx.), showed that the second was 
about 1*1() times as efficient as the first. In each case /a = ^ V 2 g H\ 
and an examination of the table on p. 658 shows that the theoretical 
manometric efficiencies in the two cases w'oiild be ai)proximately *49 and 
*63, the ratio of these being 1*28. 

Again, since : — 

= ;/, 1 —J^ cospc V } 

!f 

it follows that the necessary 2 )eripheral speed increases with the working 
head, so that, because of increased frictional losses at these high speeds, 
it might be inferred that the higher efficiencies are to be expected with 
coinparativ(^ly low working heads — a view which, in the ordinary type of 
single impeller pump, is borne out in inactice. The minimum per- 
missil'lc value of y increases with the working head, and while for heads 
of about 10 fe(!t it may be as low as 15°, it increases to about 25° with 
30 feet head, and for heads of upwards of 60 feet is pot geneially less 
than 35°. In the modern types of high-lift pump, however, 
great care is taken to polish every part of the impeller so as to 
red^ice friction losses to a minimum, and under such circumstances y may 
be reduced to as low as 20° against heads of from 90 to 120 feet with 
excellent results as regards efficien^j. * 

Although a high efficiency is to be aimed at in the design of a pump, 
this is not the only>factor which mny affect the most suitable value of y. 

From (15) we have 

/a = sin y V — 2 g //', (16) 

and if ha feA is the width of the impeller ^t the discharging periphery, 
and fi the number of vanes each of effective thickness t feet, the area of 
the wheel passages at the periphery is 

/Ig = 2 w Ta ha — 71 1 ha cose5 y, 

' , while (k) = ^3 ^8 = ^8 si|i y V — ^g (17) 

1 “ P roc. Inst. C. E.,” Vol. xlvii., 1876-77, p. 267? 
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On differentiating equation (17) with respoc). to 77', we finally get 

and, therefore, other things being equal, 'Yq heve ita leaqt value 

when Bin y has its greatest value, i.e., when y = 90° ; that is; to say, the 
change in delivery head corresponding to a change in the volume 
delivered by the pump, will be least when radial tipped vanes are 

’""ti'us is o{ importance iu the cisc of a high-lift pump used for boiler 
feed purposes where the quantity pumped may he varied, hut where the 
delivery pressure is required to remain approximately constant, and for 
this purpose radial vanes are most suitable. The same reasoning applies 
to the case of pumps for elevator work, where the delivery pressure is to 
be approximately constant. 

Also, where a pump in required for dry dock or similar work, the 
possibility of obtaining a large increase in Q as 11 diminishes with the 
emptying of the dock, renders the radial vane type most suitable, tor 
although the increased volume necessitates a largely increased powbr, 
this is in general unimportant as compared with the reduction in the 
time necessary to empty the dock. 

Where a pump is eledtrically driven, however, this large increase in 
power with a reduced head inyolves the danger of overloading the motor, 
and this is more particular^ the case when induction motors are used 
and where speed variation is in consequence impossible. In such a case 
backward curved vanes are essential, for, since the horse power is propu- 

■rtional to 77' <3 and therefore to _ >■ 

ir Assmy ^ nf-iy Ji' 
we vat, on differentiating, « 

d(H'Q) . . f 
■ ^ - - ^3 sin y j ^ 2 j 

This expression diminishes with y, and indicates that the ratp of mcrease 
of the horse-power with a diminution of head is less the smaller the value 

. Again, with a pump initially designed to work against a certain head, 
if the vanes are radial, the possible diminution in speed is very small,.but- 
increases as the backwaad curvature of the vanes increases. With radmj 
vanes, indeed, the pump .ceases to lift altogether when the speed folk 
slightly below that corresponding to normal working. It folrows tn 
^wh^re the working head cannot be accurately predetermined, the 




Fig. 326.— “Characteristic Curves fronf 4-Stage Quadruple .High-Lift Pump with 
Badial Vaues. 
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with recurved vanes has a great advantage in virtue of its greater 
adaptability to suit varying conditions without serious loss of efficiency. 

If, on installing a pum|H: the head is greater than that for which the 
vanes were designed, less than the rated quantity will be delivered, or in 
an extreme case the pump will not lift at all. Generally a slight increase 
in speed will rectify this. 

If, on the other hand, the designed head is greater than the actual, the 
delivery will be increased, and the engine Qr motor may be overloaded. 
This may be rectified either by reducing the speed or, and in general 
^ preferably, by slightly 



TtlQ. 327. — OuTvea showing the influence of tlie discharge 
angle 7 on the volume delivered under constant head. 


throttling the discharge, 
so as to increase the head 
artificially. In either 
case, the possibilities of 
perfect adjustment are 
much greater with re- 
curved vanes. 

These points are well 
brought out by a corh- 
parison of Figs. 825^ and 
820,^ wdiich show the 
characteristic curves from 
a low’-lift pump having 
recurved vanes with an 
angle y approximately 
30 ', and a high-lift quad- 
ruple pump with radqil 
vanes, the speed being 
constant in both cases 


ThiflSfin the pump with radial vanes, a 10 per cent, diminution in head 
about the point of maximum efficiency is accompaniiKl by a 28 per cent, 
increase in B.II.P., while the same’^percentage decrease in the second 
pump only involves a per cent, increase in B.H.P. 

On the othe^: hand, the corresponding increase in the volume^ delivered 


is 81*8 per cent, with radial vartes as against only 11*7 .per cent, in the 
Other pump. A glance at the two curves shows that the efficiency falls 
off much more rapidly with varying conditions when the vanes are radial. 
■ Fig. 827 indicates approximately the effect of a variation in bn the 
Speed (angular velocity) required to deliver a given volume of- water, 


J By couiteBy of the Buffalo Forge Company. 
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where the head is constant. Here the lowest points A and A' of each 
curve indicate the minimum volume the pump will lift, and the speed 
below which pumping will not take place.. Obviously the minimum 
speed is increased and the minimum quantity diiiiinished by any recur- 
vaturS of the vanes. 

Pump ijied for Circulating Purposes. — Where a centrifugal pump is used 
for circulating water through the tubes of a surface condenser or of a cooler, 
and where the actual height of lift is small, the resistance to flow, and 
therefore the head against which the pump works, varies approximately 
as the square of the velocity of flow. In such a case Jie suction and 
delivery pipe line is often arranged so as to form a syphon, in which case 
the wdiole work of the ])amp consists in overcoming frictional resistances. 

/■ L . 

Here, putting IT = ’ in equation (17), p. (1511, we get : — 


/a = sin y V - 

•III 

and since v is i)roporti()ned to./]) for all speeds, 

^ ((‘A = li th for all speeds. 

■ Equation (Id) now becomes 

^ ^ I — cosec 
^ ‘i (J — li cot y)’ 

so that the hydraulic eflicieiicy is independent of the speed of rotation. 
Since this discussion neglects frictional losses ,iii the wheel which 
increase with the speed, the actual efficiency will then diminish as the 
speed increases. * 

(2) Pump with Whirlpool Chamber. — The same general considerations 
iipply to the case of the pump fittinl with vortex chamber or guide vanes, 
as to the. simple pump, though modified to some (ixtent quantitatively. 

Where a whirlpool chamber Is fitted we have, froiu (9) on equating^ 
the gain of pressure head in the pump to the head pumped agaiiisv, and 
assuming = /i : — 

K (r/ +f,^) (1 - o'*) -t cosec ^ = TV. 

Putting n'z = W 3 — ./]) cot y, we get 
A’ (% — fa cot yf (1 — c'*) + «8* — fi cosee V + KJi (1 — c*) 

= 2'? TV, * (18) 


from which fa may he found in terms of the peripheral speed and the head. 
Tlio efficiency ij' is thus eijual to — ». 


I 7v* (1 — c‘^) -j- 1 1 + fa cosec V ( A' (1 — c“) ■ 
L - 2 7v uffa cot y (1 -- <?) 


'■] 


2 1*8 ( 1'3 — /a cot y) 


( 15 )) 
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Putting iT = 1, i,e.t neglecting losses in the whirlpool chamber, this 
reduces to— 

f — fi? c osec V — 2 j/a/(j cot yd — c-*) 

^ 2 («3^ — W.3./3 cot y) 

Assuming /a = J the following table traces the variation 'in this 
efi&ciency with a change in y in the ideal cases when K = and when 
K=% 


Efficiency. 


r?! 

r« 

7 = 

90°. 

7 = 

60°. 

7 = 

15° 

7 = 

30°. 


1 . 

K = *•'>. 

K = -1. 

X = -5. 

A'= 1 . 

X = -5. 

A' - 1. 

X = *5. 

1 *00» 

•409 

•409 

•635 

•53.5 

•584 

•584 

•001 

•0611 

1-25 

•060 

[ •.'>04 

•095 

•018 

•734 

•058 

•783 

•737 

1*60 

•704 

•015 

•793 

•003 

•815 

•098 

•852 

•772 

" 1*75 

•820 

‘047 

i -848 

•094 

•803 

•724 

•890 

•795 

2-00 

•807 

•070 

: -883 

•710 

•895 

•733 

•915 

•800 

S-00 

•1)41 

•700 

1 -913 

•745 

•955 

•709 

•903 

•830 


From these results it is evident that with an efficient whirlpool 
chamber there is very Jittle advantage to be gained by giving the 
vanes any considerable backward curvature. Moreover, as these 
efficiencies do not take in^ account friction losses which increase 
as y diantinishes, ^the actual advantage is less than appears from the 
table. 

(3) Pump with Guide Vanes or Diffuser Ring. — As previously mentioned, 
^'Experiments tend to show that with well designed guide vanes on the 
discharge side of the wheel, up to 75 per cent, of the kinetic energy of 
* disckft'ge may 'be converted into prc'ssure energy, so that the gain of 


energy per pound in the guide passages will be givep by 


^^0 


where h has a maximum value of about *75. * 

The total gain of pressure head in the pump is now equal to 

h {wi + f’i) . ui - ff COSQC V _ 4 , ' 

o~:, ■ f o „ ~ 


Assuming » = /a and putting wg = va - fa cot y, we get 

Jc (hs - fa eot y)‘ + — /s" cosec V + fc/a’ = ‘lg IV • (20) 

*Oii g H' = na^ {k 1) + /«** cosec “y Jfe — 1) — 2 A; Ua'fa cot y. \ 


J No whirlpool chamber. 
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The efficiency rj' of the pump is thus given by— • 

f * ( fe + 1) 4- cosee V (/c - 1) - 2 fe Hs/b cot y 
" 2 wa («8 — /a cot y) 

Giving k the value *76 and taking /a - i Wg, we get the following 
valued of rf ' : — 


-* 

7 

o 

G 

75° 

60° 

45° 

CO 

v' 

•8G7 

•875 

•884 

•896 

•921 


Hero again, any large reduction in the value of y, by necessitating an 
increased speed of rotation, is likely to reduce rather than inciease the 
overall efficiency. 

For the guides to be efficient it is essential that their angle of 
divergence be about 11°; that the vane angle a be so designed as to take 
the water without shock, on leaving the wheel ; that a sufficient number 
of guide vanes be used to efficiently direct the mass of water, four being 
about the minimum ; that the areas of the guide passages at the exit 
from the wheel should be proportioned so as to keep the velocity at 
entrance, the same as on leaving the wheel, and that all guide curves 
should be smooth and gradual. 

Hince the whole object of the guides is to neutralise the evd effects of 
a high velocity of discharge, their relative effect will be greatest where 
this velocity is greatest, ie., with radial pump vanes when delivering 
tffgainst a high head, and will be least with recurved vanes and a low 
head. For this reason, and since large percentage variations of head are 
more likely to occur where this low, the diffuser ring is seldomjitte^ 
for heads under about 80 feet. 

The gain in overall efficiency attainable by its use naturally varies 
consideraWy, but may be taken as between 10 per cent, and 20 per cent. 

Art. 177 .— Compound Multjple Chamber Pump. 

Where a number ‘‘ w of impellers mounted on the same shaft are used 
in series so as to form a compound high-lift pump, the impeller diameters, 
and vane angles are made the same for eac*h chamber, so that each 

impeller gives a total head = W. If, in the foregoing theory then, 
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H' be re*placed by — , the deductions also apply to the compound 
pump. ^ 

The work done on the shaft per lb. of water,] n ?/.j, 
neglecting frictional losses, is now given byj y o ' 

a TV 

the manonietric efficiency rj' by J 

11 W’a i/'3 

while neglecting friction the power required _ W Q TV jj p 
to drive the pump J “ .550 if 

^ T> TT P 

=Z 11 ?r;) Jj.ll.r. 

0*50 If 

Aet. 178. General Equation for Pump. 

From equation ( 11 ), p. 658, we have 

2 y JV — hq + ~~ j\\ cosec y 

for any pump, and since vi = n + fff 

= ("3 — .'/sCot 7)“ -\-ff 

the foregoing relationship can hi) written — 

2yir = A + C J]? 

= rt. A Q 4 - c 

Where N = revs, per min. ; Q = discharge ; and where A, B, C, a, h, c, 
are constants for any particular pump. It follows that if the speed, the 
discharge, and the head he measured for three different speeds, discharges, 
or heads, the values of these constants may be obtained and the 
calculate^^for any other speed or head and vice vend. 

Art. 179. — Peripheral Speed of a Pump. 

If ir = total head pumped against, including friction lien-d, we have'* 

, w — ? — 

^ ‘ %(M 3 -^/ 3 COt y)’ 

BO that with a perfect pump in which all losses were negligible, the 
peripheral velocity of the vanes at discharge would be g^ven by 
W3 (w.3 - fa cot y) = y IB. 

and with radial vanes w^e should have = s/ y IB, As y diminishes 
the peripheral" spe^d increases^, while any diminution in^efficiency 
naturally necessitates a higher periiiheral speed again, so that actually 
wahavev^a = k J y ii\ where k depends upon y*^, upon the value adopted 
. ^or /a ; and upon the iy|f)e of pump. In practice it is^ usual to ’ make 
■^8 [‘2 to ’3] 7 / 3 , the co-efficient increasing from about ’21 when 

y =; 15^ to *29 when y == 90^ while k is given a value between, 1*2 and 
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1*8, increasing from about 1*2 in the case of a well designed pump with 
whirlpool ch*amber or guides and with a value of y = 90°, to about 1*8 
in the case of a pump having a volute chamber only, and a value 
of 7 = 15°. 

This* makes ^ 2 (f fV (approx.). In the case of a pump deahng 
with a lar^^ bead in a single chamber tliis, however, gives an excessive 
value of and in such a case the value may be reduced to as little 
as J J t (j ir. 


Aht. 180. — Speed at wiiicn Pumping Comme/,ces» 


Even if a centrifugal pump be primed, there will be no flow through 
the delivery pii)e until the pressure difference tlirough the wheel, which 
depends entirely on the speed of rotation, is sufficiently great to overcome 
the total head of lift, the pump until then merely sustaining a stationary 
column of water in this pipe. 

If the suction lift is If, f(^et, the pump will not maintain its charge 
without a foot valve on the suction pipe, unless the speed is sufficiently 
great to cause a pressure difference of more than 11, feet between the 
pump ink^t and outlet. 

Assuming uniform rotation with no flow through the pump, the 
pressure difference in the forced vortex becomes — 

feet,./iT»:nd /3 being zero. 

(I 2 


For the pump to remain charged when once fillfjd we have- 

> n foot, 


while for delivery to take place we must have- 
'^9 


> If feet. 


Once free flow^is established, the state of affairs changes. A further 
increase of pressure is now neceso-vry to overcome frictional resistances, 
and in the cage of a pump not fitted with vortex chamber or guides this 
necessitajps the speed for free delivery being slightly greater than is given 
above. A reduction of the speed below tiiis limit wii-l cause pumping to 
cease. 

With a whirlpool cluimbcr, or gujde ring, however, once flow is 
instituted part the kinetic energy of flow 'ihrough the wheel is con- 
verted into pressure energy, so tlmt the B])eed may be reduced below that 
necessary to initiate flow, without pumping being stopped. 
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Owing to viscosity moreover, even though the pump ) ) not actuall)? 
discharging, the water in the vortex chamli^Br will be al bctod by the 
rotatip]^ of the impeller, imd will, to a certain ext(uit, form a free vortejj 
with til pressure greatest and the velocity leant at the outside. This 
reduces the speed for impending delivery by an amount wliieh depends 
on the design and construction of the vortex chamber, and for^the calcuk- 
laon of which insufficient experimental evidence is availabfe. Experi- 
ments ^ on a series of pumps having radial vanes with impellers 8*818" 
outside and 6*875" inside diameter, and with a .vortex chamber 11*876" 
diameter, shoijed that when on the poijit of impending delivery this 
served as a true vortex chamber, the value of K (p. b 54 ) being 
about • 5 . 

In all probability this effect would not bo so jminoMiced in a pump 
having a proportionately larger vortex ch^inilau-. 

AbT. 181.“Si/E of Pui^iP FOR A (jJVFK DlSCii 01 MlL\n ViMlW— 
rRoroimoNs of Pi mps 

For a given speed of rotation and a radii; oj, dilf' ronco in 
pressure between inlet and outlet, and tlior« fore tin. bead pump/d ago nst, 
increases with the difference between ihe inner and nmo-r rad i of tlie 
impeller and 73. Since, too, the propoi |io?ial cffci-i of disc fri( tion (' oc 
seep. 180 ), diminishes rapidly as the radius diminishes, the inner radius 
should, for efficierio^^be made small. This may be accomplished, keep- 
ng the discharge constant, 1^ increasing the velocity of flow /2, but with 
i large sllction head a limit to this maximum velocity is soon reached, and 
in practice it is usual to make the inner radius from J to ^ tho outer 
(ra = 8 7*2 to 2 7*2), the former value being preferable. 

Again, since the head pumped against is approximately proportional to 
i.e,, to r^, a given head may be obtained either by an increase 
in («r<r in r. But Q cc 7*8 63, and assuming/s to be proportional to 1% 
we have : — 

Q <x ha, 

oc 0 ) 73 “ 6g, 



‘ ^ it tolJows that tor large values of IF, in order to avoid excessive values 
of,w, the value of 63 should be comparatively small. his is borne out 
in practice, where the breadth 63 of the impeller at the rim is^ usually 

' * “Bulletin of the University of Wisconsin^ No. 173. Vol. 111. No. 6, p.^4i7. 

C. J3. Stewart. 
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proportional to the radius and has a value ranging from J rs to ^ r8» tSie 
former value* applying to loV-Iift, and the latter to high-lift pumps. 
Putting hs oc rg, we have Q x w rg® g 

ir ID ?/3 

77 X — X'-kX-'o ’• 

Q rs n 

, While tl|is is not strictly true in the case of an actual pump, yet it 
shows that in every case for a given value of If and of Q, there is 
% definite value of r for maximum efficiency, this value, however, 
depending on the relative magnitude of the frictional losses. 

Since, in a perfect pump, with radial vane tips, we haye g H' =: 

while 0 X if the ratios , and —-.be plotted this enables a 

Bomparison to be made between the performances of different pumps. 

Professor Bateau terms the ratio the manometric efficiency ; the 


ratio — volumetric efficiency; and the ratio of the product of 

% 3 

these, viz., -^4- to the mechanical efficiency — .the 

co-efficient of transmission to the pump shaft. The latter thus 
equals— 

flH' Q IJ 

ui • % rg** * IF Q IV W !(•} rg“^ 

The three curves showing the mechanical efficie’n'cy, the manometric 
efficiency, and the co- efficient of transmission, on a base of vplumetric 
efficiencies, are then termed the characteristics of the pump, and if drawn 
for a given pump apply to any similar pump of different size, so long as 
tlie previous relationships hold, and therefore so long as 

(1) The peripheral speeds are nroportional to ^ IV ; 

; J iJ' 

(2) The revolutions are proportional to - 

(3) The quantify discharged is proportional to \/ IV ; 

where S iS the ratio of similar linear dimensions of the two pumps. 

The same conditions hold for identical results to be obtained from two 
similar pressure turbines. 


Art. 182. — Pemarks on Theory of Pump Design. 

None of the fundamental assumptions made in the foregoing discussion, 
are accurately true. Thus the aseumptioh of radial motion immediately 
before entering the impeller is certainly incorrect since viscosity must 
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cause a deflection of the lines of flow in the direction of rotation before 
bhe wheel is reached. This has the effect of increasing the value of the 
inlet angle for entry \^jithout shock at any given speed of rotation, 
though experimental results are too scanty to allow of the magnitude of 
this effect being calculated. 

The assumption that all particles of water on leaving the impeller have 
bhe same velocity vq and are moving in paths making an angle y with 
bhe tangent to the periphery, or that a *3 = — fn cot y for all particles, 

is also incorrect as app( 3 ars from the results of experiment. A measure 
3 f the error inyolved may be obtained by comparing the actual and 
theoretical manometric efficiencicis, for if from the energy expended in 
driving a pump, that necessary to overcome disc and mechanical friction 
be deducted, the remainder should equal v/g -f- // foot lbs. per lb. of 
5 vater. If the ratio of the measured manometric head 1!^^ to this 
quantity be termed the experimental manometric efficiency, the ratio 
3 f the theoretical and experimental manometric efficiencies will be a 
ttieasure of the ratio of the true to that given by the foregoing formula. 

The following results from tests of a pump by Mr. Parsons ^ have b'een 
shosen to illustrate this point. The details of the pump are as follow : 

1*3 = 9'25 inches; = 4*025 inches; h 2 — ki = 5*75 indies; y = 15°; 
3 = 40° ; 8 vanes, assumed ^ inch thick for purposes of calculation. 






f 

II 

and TiH’h. 
Fnctiojj. 


Manometric EIHcioii(‘y. 


Bxperi- 

luont. 


^ C.f.8. 

l>«i Him. 

u.r. 

Oulpiit, 

Exiieriinerital 

Oalcnlated. 

Calculated 

Ubservod 

1 


2-70 

3:12 

7 GS 

4-.60 

-.’.KG 

r.Gi 

•or.s 


14-70 

4 01 

402 

10 43 

G GU 

•G42 

•r.si; 

•in:. 

11 

14 so 

4-GS 

4o(; 

11 83 

7 8:. 

-G(;i 

•GO!) 

•!)I7 

14 

17-20 

3'2() 

427 

10- S8 

G24 

•r,73 

•r.Gi 

•1IS3 

-18 

17-40 

4-01 

432 

12-UO 

7-00 

•G2:. 

•r.!)o 

•:m:. 

22 

••VOO 

4-G8 

43G 

13G1 

9-3.“. 

•GS? 

•Gir. 

•8u:. 


Mwin ... ’Mr* 

In these experiments the mean power necessary to overcome the 
Wetion of the pump bearings and driving belt and the disc frictLn of the’ 
Jump was found to be 1*37 H.P., and this value has been used in deducing 
ihe values in column 5. 

Again experiments on a% experimental pump, = 4*41 inches; = 
^188 inches; 5a = ^3 = 1*125 inches; y = 90°; =;= 18° 50', ^t the 


Proc. Inst. C. B.,” Vol. 63, p, 271. 



CENTRIFOf^AL PUMPS 


671 


Madison University ^ give the following values for the ratio of calculated 
to observed hianometric efficiency. • 


Series 1. 

24 vanes, area of waterways ’’nti’easing . 

. *910 

Sgries 2. 

24 „ 

V if 

constant 

. *910 

Series 8. 

i-2 „ 

>) M 

increasing . 

. *875 

Seriei 4. 

12 

>> ft 

constant 

. -845 

Series 5. 

6 

•1 »» 

increasing . 

. -75 

Series 6. 

c 

ft ft 

constant 

. *68 

rom these and similar results it appears that Wa is a 

Ways less than 


is given by the formula ~ cot y. This is probably due partly 

to the fact that a dead water Bi)ace which is not utilised for discharge is 
formed on the re.ar side of each vane, thus increasing the radial com- 
ponent /jj, and partly to the fact that only those layers of water near to 
the driving edge of the vane are discharged parallel to its tip. Thus the 
true mean values of /s and of cot y are both greater than the apparent . 
values. It also appears that the ratio of the true to the calculated value 
of u',} incr(5ases with the iiumhe.r of vanes and hence as the guidance of 
the water becomes more perfect, but diminishes as the width of the 
passages is reduced, probably because the dead water space then forms a 
proportionately larger part of the whole discharging area. 

It also diminishes slightly as the discharge increases, and as the angle 
y increases. 

The following may be taken as approximate vS-fues of the ratio, in 
puiiips of normal design : — 

v's experimental, 
calculated. 

Pump upwards of 20 in. diameter ; 12 or more vanes — 



y from 15“ to 30“ 

. -97 


„ 30“ to 6g“ 

. *95 


„ 60“ to 90° 


Pump 10 iiK to 20 in. diamete^^; 

12 vanes— 



y from 15“ to 30“ . 

. *93 


„ 80“ to 60“ . 

. *90 

- 

60° to 90“ ^ 

. -87 

if tf ft it 

8 to 12 vanes— 



y^from 15° to 30“ . 

. -90 


„ 90“ to 60“ . 

. -87 


„ 60“ to 90“ . 

- -84 


> “ Bulletin of the Univeriity of Wisconsin," No. 173. 1907. 
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Pump 10 in. to 20 in. diameter ; 6 vanes— 

y from lf>° to 80^ . ’ . *81 

„ SO^toGO'" . . *78 

60° to 90° . . -76 


The values point to the absolute necessity for providing a sufficient 
number of wheel vanes where a diffuser ring is fitted, and wheie,' in con- 
sequence, serious loss by shock may occur if the guide vane angle is 
designed to suit what may be a fictitious direction of outflow from the 
impeller. ^ 

Art. 183. — Balancino of End Thrust. 


End thrust on a pump shaft having one or more impellers with single 
axial inlets is due to a number of causes. 

(a) To the difference of pressure at a given radius on the two sides of 
the vane shrouding, due to the fact that while the water in the impeller 
is rotating in a forced vortex, tliat outside the shrouding is in a state of 
comparative rest, and therefore exists under different pressure conditions. 
This is by far the most important factor in producing end thrust. < 
Q}) To the fact that if the discharge diameters of the shroudings in a 
double cased pump are equal, there is an unbalanced pressure on the 
portion of the shrouding Opposite to the inlet opening. This produces a 
thrust in the direction of infloiy and so tends to balance (a). 

(c) Sinoe the water is tak^ in axially and diverted radially, it suffers 
a change momentum in an axial direction, and this change of momen- 
tum can only be produced by an aiial force transmitted through the shaft 
't6 the impellers. 

Thus* if V is the velocity of axial flow through the supply passages ; Q 
the (Jischarge per second ; and n the number of impellers, this change of 
mometitum takes place n times in the pump, and the total end thrust on 
the ^aft due to this cause is given by— - 


n 


,62 -4Q 

g ’ 


g lbs. 


This thrust also acts in the direction of inflow. , 

Apart from the syLteiii of arranging the impellers in pairs placed back 
to back, each pair thus being in balance, four methods of balancing are in 
.nse:— 

, (o) By radial balancing vanes mounted on the rear face^ of the 
'l^ouding (Fig. 805). ^ , 

By making the diameter of shrouding on the entrant side 
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than that op the exit side, the difference of area being just sufficient to 
balance the pressure difference (Fig. 816). 

(c) By a rotary balance piston or disc ko/od to the pump shaft, ono 
side being exposed to delivery pressure, and the oilier to the pressure on 
the suction side of the pump (Figs. 314, 316, 316). 

(d) Byjrelieving the pressure over a certain area behind the shrouding 
by means of a rotating balance ring (Figs. 306a, 307, and 817). 

Whichever of these methods is adopted, with the exception of (c), the 
wheel will only be in perfect balance at one speed and with one rate of 
delivery, and in such cases it is necessary to arrange a thrust block to 
take the end thrust caused at starting or stopping and in the case of a 
variable load. 

These methods of balancing will now be considered in further 
detail : — 

(a) Radial Balancing Vanes. — Since it is impossible to keep the joint 
between the outer periphery of the shrouding and casing tight, the space 
behind the shrouding will be full of water normally at delivery pressure, 
and since the mean pressure in the wheel is considerably less than this, 
the resultant effect in a single shrouded wheel (Fig. 305) will be an axial 
thrust of considerable magnitude, in the opposite direction to that of 
axial flow. 

If a series of holes be made through the disc, as indicated in Fig. 805, 
the pressure at this radius on both sides of the shrouding will be equalised, 
and there will be a constant circulation of water past the rim of the 
impeller, behind the shrouding to the zone of low pl'essure, and out to 
the working side of the shrouding. 

• While the axial thrust is then largely balanced, this leakage is produc- 
tive of inefficient working, and the method, though often adopted in 
turbine practice, is inadvisable. 

If, however, shallow radial vanes are fitted to the rear face oT the 
shrouding, the wftter in the clearance space is forced to rotate with vortex 
motion, and in consequence its pressure diminishes from the outside, 
where it ha^ to definite value, to the inside, following approximately the 
forced vertex law. The degree to which it deviates* from this law 
depends on the amount of side clearance between the balance vanes and 
the pump casing, any increase in this clearance, by reducing the mean 
angular velocity, tending to increase" the mean pressure behind the 
shrouding. By* suitably xegulating the clearance and the radial length 
of the balance vanes, the whole, 8r any portion of the axial thrust, may 
thus be balanced. 
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For example, in the wheel shown in Fig. 306, the pressure in the wheel 
itself varies at different radii owing, firstly, to the production of a forced 
vortex, and secondly, to the necessity of maintaining an outward flow. 
In the clearance space to the right this outward flow is absent, so that 
the difference of pressure on the two sides of the shroudug at a radius r 
is given by the pressure necessary to maintain this flow, and if repre- 
sent this pressure intensity in pounds per square foot 


W~W'^ 2g ' 

This assumes the law of pressure variation in outward flow to be the 
same as in inward flow, neglects losses of energy due to eddy forma- 
tion, and since this loss varies with the form and number of the blades 
(i.e., with the rate of their divergence), becoming less as the number and 
curvature of the vanes is increased, the theory is to this extent unsatis- 
factory. Allowing for this, we have : — 


Tr - vB A. ^ aV - 
W~ W'^ ' ’ 


(?) 


where X is a co-efficient, varying probably from about •? in the case of 
radial vanes to *86 with vanes having a delivery angle of 30®. 


Now „ ^ = V/s“ + !'/ 

And fr cosec d, where 0 = angle made by the vanes at this radius 
with the tangent to the corresponding circle. 


iP2 , /r* COSeC 

• • {\v'^ -2 g I 2 g ' 


( 8 ; 


The axial force F may be obtained by dividing the disc into a series 
of cSncentric elements, and by obtaining the relative velocity at the 
mean radius of each element by this method or by the graphical con- 
struction of p. 553. The unbalanced force on each element ^may then 
be calculated by an application of equation (2) above, as shown on p. 554, 
and the sum of these, taken over the whole area, gives the vesultant 
axial force. ' . . " 

^ Equating this to the unbalanced pressure on the inlet sid^ of the 
shrouding produced by the axial change of momentum of the water, and 
to the unbalanced pressure' on the remaining annulus 'of' widtl^fs — ' 

on fixing Ri the required outer radius Rq may be determined. 

Where balancing ^vanes are fitted they should not be too dew 
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snould work with the minimum possible clearance over the face of the 
casing, which should be machined and painted. It is probable that vanes 
about J inch deep and with a side clearance ilot exceeding ^ inch would 
give good results. Balancing vanes, however, in any case greatly increase 
friction losses 190), and in view of this and of the impossibility of 
obtainingj exact balancing by their use, are seldom fitted on modern 
pumps. 

(6) Here (Fig. 816) the diameter of the shrouding on the side remote 
from the entrance is reduced so as to make the total area of the 
shroudings approximately equal. 

The clearance space pressures are thus balanced, and the excess of 
pressure on the inlet shrouding due to the greater pressure at the outer 
radius of the runner tends to balance the pressure in the opposite 
direction due to momentum changes. This method also is impossible of 
exact calculation, and is therefore only suitable when used in conjunction 
witii a thrust block or balance piston to take up any minor unbalanced 
thrust. 

(c) Where a balance piston is used (Fig. 316), leakage past this piston 
is slight, and by adjustment of a valve on the pressure pipe P, which 
adjustment may be automatic, the pressure may be very accurately 
adjusted while running, to suit any condition of working. 

In the pumps shown in Figs. 314 and 315, the shrouding area 
which is exposed to the discharge pressure from eftch impeller is con^ 
siderably greater on the side removed from the inlet, and consequently 
the nett pressure is from right to left. To counterbafance this a balance 
piston or disc P is fitted, exposed to pressure water from the last impeller 
on its left hand face. This works normally with small clearance over the 
fixed casing at C. When the pressure to the right becomes equal to the 
full discharge pressure it is more than sufficient to counterbalance the 
end thrust on the impellers, the spindle moves to the right, the clearance 
between piston or disc and casing is increased, and the pressure water 
escapes into the low pressure chamoer P, relieving the end thrust on the 
piston. The regulation is perfectly automatic, the spindle taking up a 
position in which the clearance is just sufficient to maintain the necessary 
pressure in the space to the left of the balance disc. In view of the 
simplicity and automatic nature of this device it promises to become 
general on all modern high speed pumpd. • 

(d) In this method of balancing (Figs. 306a, 807, and 317) the outer 
diameter of the balance ring. i8 made slightly less than that of the 
impeller at the packing ring P, while a series oft holes through the 
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fihrouc Bqualises the pressure in the int^^rior of the balance ring 
and of the impeller. 



Fio. 328. 


^Ihis is then approximately in balance, the 
slight reduction in the diameter of the bfilance 
ring creating an excess press^lre towards the 
inlet, which counterbalances the chan^ of axial 
momentum of the supply water. 

Brass packing rings are fitted at P (806a) to 
prevent leakage of pressure water from the 
clearance space into the balance ring. 

A somewhat analogous method of balancing a 
single impeller is shown in Fig. 828. 

Where a centrifugal pump is fitted with a 
vertical shaft, the whole weight of the pump 
and driving shaft may usually be balanced by 
an application of the preceding principles ; while 
exactly the same reasoning applies to the balanc- 
ing of the axial thrust on a turbine shaft. 


Art. 184.— Examples of the Design op Centrifugal Pumps. 


As an example of Jihe application of the foregoing formulae, the main 
points in the theoretical delfgn of one or two types of pump will now 
be considL ed. 

(1) Low-lift pump— 12 feet working head— to deliver 6,000 gallons per 
;^piinute at 220 revolutions. 


Assume 


U = 12 = 6-95 f.s 

* ■ y = 

Ui=l-6 s/jH' = Sl-5i.e. 


. = 832 square inche 

y go * 

^3 = 2 ““x 220 “ ^ ~ ^ inches. 


2 IT fa 2 IT X 16*4 


: 3*22 inches. 


. . Va 2*25 


? Aiwuming a ratio - = this makes ra = 7*3 inches, and if the v&ne’ 
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breadth at inlet be increased to 4*5 inches so as to reduce the velocity of 
flow at this* point, this makes 


/. =/3 X ^ X 2-25 = 6:2^2 ^X_2:25 ^ ^ 


4*0 


Siilte/2 = tan p, we have : — 

. f, 11*20 

• = n = ;iF5 - 

2*25 

^ = 38 ^ 39 ' 


11*20 X 2*25 
31*5 


= *800, 


giving the inlet angle for the vanes. 

(2) A pump— 50 feet working head— is fitted with a whirlpool chamber 
whose radius is twice that of the impeller, and whose efficiency is 50 per 
cent. The pump is to deliver 5 cubic feet per second. Determine its 
leading dimensions— its speed of rotation— its hydraulic efficiency, and 
the probable H.P. necessary to drive it. 

To begin with, we will assume that since the whirlpool chamber is 
fairly efficient and the head high, the value of y may be taken as fairly 
high— say GO'^— so as to keep down the speed and friction losses. Also 

assume /a = J (I 

Q.AO 

Then/s = -g- V 50 = 7-09 f.s. 

Now substituting '5 for c and ‘5 for K in equation (18), (p. 663), we 
get— 

•5 («3 - 7-09 cot 60“)“ X ^ + vi - 50-2 cosec 2g0° + 26': x f 
= 100 </ = 3,220 
- 2-282 «a - 2,378 = 0, 

or «8 = 49-9 feet per second. 

Since \/7/ = 40-1, thi- makes wj = 1-245 V H II'. 

Next taking 63 ■= we have .Is = 2 tt 7-3 tg = 

-.2 

and since Q = Asfs = X 7*09, 

OK 

we have* ri‘ = = \-122. 

j-s = 1-06 feet = 12| inchest. 

/, = 1-275 inches. 

This neglects the effect ef the vane thickness. Since the vanes reduc 
the effectiye discharge area by\ n ta cosec y, when the number w 
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thickness of vanes has been decided upon the above value of 63 must be 
increased in tlie ratio ' 

2 TT rg 

Vn — n /g cosec 60°‘ 

Thus, taking eighteen vanes, each having a thickness at t^o tips of ^ inch, 
this ratio becomes 


2 TT X 12*75 


27r X 12*75 — 


18 


= ^:Ui.07 

74-9 ' 


4 X *8660 

and the true breadth h = 1*275 x 1*07 = 1*365 inches. 

Again o) = = 47*0 radians per second. 

N = = 449 revolutions per minute. 

2 TT 

49*9 

Assuming = 2*5 1 % this makes wa = = 19*95 f.s., while if the 

2*0 

vanes be broadened out towards the centre so as to keep the velocity of 
flow down to say 10 feet per second, this makes tan = 

6012. 

.*. |3=26^37' 

The manometric efficiency, 
is equal to 

l,6fD _ 1,610 _ 

49*9 (jt9*9 - 7*09 X *5774) 2,282 

Probably mechanical and hydraulic frictional resistances will combine to 
fiduce this efiSciency to al)Out *65. 

“ Taking this value, the work done on the pump shaft per second 

gm 00 

. . n.r. - ggQ ^ .gg - ,550 X -65 
The speed at which the pump begins to lift is given by 
. 2 , 9 // =3,220 

or * -»•,») = 3,220 

, 3,220 _ a ,00 


0 ) = 58*5 

60 X 68*& 


iV = 


2 ir 


= 668. 
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Thus the speed necessary to institute pumping is considerably higher 
than that ciecessary for ^working once delivery has commenced. This 
assumes that until flow takes place the whirlpool chamber has no effect 
in converting kinetic into pressure energy. " Actually, however, owing to 
viscosity, the actual speed for lifting to commence is somewhat less than 
that indicated above. 

(3) Coftipound high-lift pump, fitted with guide vanes and vortex 
chambers having a pressure conversion efficiency of 75 per cent., to 
deliver 5 cubic feet per second under 300 feet head. Assuming a lift of 
60 feet in each of six chambers ; 7= 60®, /a = J V 2 // if' ; and considering 
each chamber as a separate pump, we have, as in example (2), /a = 7*09 f.s. 

Then, taking we get, as before, 58 = 1*275 inches, or, allowing 

for the same vanes, bs = 1*865 inches, while 73 = 1*06 feet. We now 
have the factor k of equation (20) (p. 664) equal to *75, and this equation 
becomes : — 

•75 (1/3 - 4*09)2 ^ _ 00-95 + 37-0 ~ 3,220.^ . 

.*. W32 _ 3-51 ^ _ 1,850 = 0. 

•/ 'W3 = 44*76 f.s. 

This makes 7/3 = 1*116 V g IT. 

Also N = = 403 revolutions per minute, while 

2 TT fj] 2 TT X 1 Oo ^ ^ 

since tan a = — 7 — = -Ta — *1744, this gives a 

^^8 — ^0 cot y 44*76 — 4*09 ® 

guide vane angle a = 9® 54'. 

Assuming — /g cot y or ws to have *95 times its theoretical value, 
p. 671, this makes tan a = *1834 and a = 10° 24'. 

In this case the manometric efficiency — 7 — — 7— r 

Wg (7^3 — /s pot 7) 

^ 1>61^ = 1»610 _ .... 

^ “ 44*76 X 40*67 1,822 ““ ° 

Frictional losses would probp bly reduce this to about *80, so that the H.P 
would be equal to 

62*4 X Q Xn W 62*4 X 5 X 30Q 
550 X -80 “ S60“X *80 ~ 

Exampl'es. 

(1) A centrifugal punf^ is 4 feet in diameter and makes 200 revolutioni 
per minute, delivering 64*8 cubic feet of seawater per second, agaiust c 
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kead of 20 feet. The discharge area = 8*38 square feet, and the discharge 
ra 2 


angle y = 26®. The ratio 


'^2 


r 


Determine the manometric efficiency, and, assuming a loss of 10 per 
cent, in friction, the H.P. to drive the pump, and the ^peed at which 
lifting commences. ^ 

Manometric efficiency = *592. 

Mechanical efficiency = ^^*492. 

H.P. = 306. 

L Lifting commences at 198 revolutions. 


Answer. 


(2) The following are results obtained from tests of a centrifugal pump, 
having the following dimensions : = 15*25 inches ; = 7*675 inches ; 

hg = 8*0 inches ; ^2 = 4*0 inches ; y = 80® 


Revolutions per minute . 

188*8 

202*7 

213*7 

Gallons per minute . 

1,895 

1,705 

1,976 

Lift in feet. JV ... 

12*33 

12*58 

13*0 

Water H.P 

5*22 

6*51 

7*81 

Dynamometric H.P. 

*.A. 

8*11 

10*74 

14*02 

Efficiency .... 

64*5 

60*74 

55*72 


"■'^Determine from this the value of for maximum efficiency in termer 
""of V g H', and determine the hydraulic efficiency in each case. 

(8) A pump delivers 8 cubic feet per second against 60 feet head, and is 
requited to rotate at 500 revolutions per minute. Making / = J V 2 //', 
and giving the vanes radial tips, settle the leading featu^ps of the design, 
.on the assumption that guides are fitfed with a conversion efficiency of 
65 per cent. 

(4) A pump h^iS an inner radius of 1 foot, and an outer radius pf 2 feet. 
It is not fitted with >^ortex chamber or guide vanes. 

'Determine the speed at which lifting will commence against heads of 
,10, 20, 40 and 60 feet respectively. 

Answer. 99 ; 140; 196 ; 242 revolutions per minute.' 

A pump is intended to lift 25 cubic feet per second against 
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of 16 feet. A- model is made arid delivers 1 cubic foot per second against 
16 feet head when making 4*450 revolutions per minute, then giving its 
maximum efficiency. The radius of the modrl impeller is 4*5 inches. 
Determine the speed and radius of the large puihp for maximum efficiency. 

Radius = 22*5 inches. 

Speed = 290 revolutions. 

' (6) The peripheral speed of a centrifugal pump = 80 f.s. The vanes 
are curved backward so that the discharge angle y = 85°, while the water 
leaves the wheel with a radial velocity of 5 f.s. If 120 cubic feet of water 
pass through the pump per minute, determine the hyd_aulic turning 
moment on the shaft if the radius of the wheel is 2 feet. 

Answer. 177 foot pounds. 


Aii«wer. 



CHAPTER XIX. 


Other Types of Pumping Machinery— Water Hoisting-r-The Hydraulic Ram— Hydraulic Air 
Compressor— The Jet Pump— The Injector Hydrant— The Air Lift Pump— Reversed Air 
Lift Pump as Air Compressor— Humphrey’s Gas Pump. 

t 

Art. 185. — Water Hoisting From Mines.^ 


The method of direct hoisting of water in large tanks has come very 
rapidly into favour of recent years in the anthracite region of Pennsylvania 
for mine drainage purposes. 

The system has the advantages that in general, with the exception of 

the tanks, and the guides used for 
keeping these vertical while hoist- 
ing, no new machinery is needed, 
the only cost being that due to 
extra wear and tear of the hoisting 
engines and to the steam used 
while hoisting. Further, the whole 
of the operating machinery is on 
the surface and free from the 
danger of being flooded, while no' 
underground steam pipes, with the 
accompanying losses by condensa- 
tion and the danger of damage by 
a slip of the roof, are necessary. 

Cylindrical hoisting tanks are 
now general, these having a couple 
of butterfly valves in the bottom ' 
placed at an angle of 45° (Fig. 329). 
The tanks may (Jischarge at fjhe top of the shaft either by overturning , 
or by automatic opening of the bottom valves. The former method is , 
preferable as rendering more rapid manipulatioxi possible. With tanks of 



iflG. 329.— Method of End Dumping In direct^ 
Water-hoisting Plant. 


^ For a descriptive article on this method of mine drainrige, see a paper by*>JL V. Norriif] 
before the American Inst, of Mining Engineer’s, 1903, or an abstract of this pap4r ih 
Gassier’ 8 Magazine,’* for May, 190i. 
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1,500 gallons capacity, the capacity of such a plant ranges up to about 
760,000 gallons per day of twelve hours. 

Art. 186. — The Hydraulic* Eam. 

The hydraulic , am, which owes its conception as a practical machine 
to Montgol^r (about the end of the eighteenth century), is an apparatus 
devised to utilize the kinetic energy of a moving column of water to 
pump up part of this water to a height greater than that of the supply 
head. In its simplest form, the ram consists of an inclined supply pipe 



(Fig. 330 a), terminating in a vrJv’e box B. This valve box is fitted 
with a waste valve Fi, opening inwards, and a discharge valve opening 
outwards and delivering pressure water into an air vessel A, from which 
it is delivered in a Steady stream b} ‘ <he discharge pipe P. 

The action of the ram is as follows : The waste valve being opened, 
water is free to escape, and flow is set up along the supply pipe. The 
velocity of Sow increases under the influei^e of the supply liead until the 
dynamic pressure on the under side of the valve becomes sufficiently great 
to overcome its weight. The valve now .closes rapidly and the supply 
column suffers a consequent retardation which gives rise to a rapid 
increase of pressure in &e val^o box until this pressure becomes 
sufficiently great to open the delivery valve. 


mi 
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Water then escapes throngh this valve into the air vessel, compresses 
the air, and flows away along the rising main. 

As soon as the momentum of the supply column is destroyed the 
delivery valve closes, the water below the valve partaking of the backward 
motion thus instituted. This motion, once set up, can only be checked 
by a reduction of pressure in the valve box below thf.o corresponding to 
the statical head and consequently the pressure in the valve box is reduced 
rapidly until at some instant the waste valve reopens, and the whole 
cycle of operations is repeated. Fig. 331 shows a typical pressure diagram 

from the valve l>ox of such a 
ram throughout one complete 

1 cycle of operations. 

1 A The idea that the waste 

\l\h valve reopens because the 

^ \ Mean Pressure in Air Vessel pressure due to the statical 

supply column is 

\ insufficient to keep it to its 

y seat is quite erroneous. In 

X — — general, the valve will open 

\ however light it may be, since 

\ the pressure in the valve box 

\ ^ is reduced below that of the 

\ atmosphere by the reflux 

V , \ action of the water on its re- 

^ bound. In practice the waste 

FIO. 33I.-l-reBS«re Box of 

Hydraulic Ham. from *30 Ibs. to *45 Ibs. per 

square inch of area, so that a 
statical pressure corresponding to 1 foot head would be sufficient to 


Delivery Pressure 


Fig, 331. — Pressure Diagram from Valve Box of 
Hydraulic Ham. 


statical pressure corresponding to 1 foot head would be sufficient to 
prfeve'iit any opening. 

Advantage is taken of this reduction of pressure to keep the air vessel 
charged, by the introduction of a spifting valve at (Fig. 880 a), air 
being drawn through this valve into the valve box B when the pressure 
falls below that of the atmosphere. 

The whole cycle, which m^y only take a fraction of ef second, to 
complete, may be divided into four periods, during which the waste valve 


is respectively opening, wide oiien, closing, and closed. 

* Since the force tending to open the valve is equal to its weight togetbet 
with a much larger force ‘due to pressure differences on its twcljaces, aa| 
liince the acceleration of the valve will therefore diminish aa its wMffhl 
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increases, the^ time of openipg will tend to increase slightly as the weight 
increases* and will also increase with the travel of the valve. . For 
all practical purposes, however, the openiL^^-may be considered as 
instant^eous. 

The period duh^g which the valve is full open depends entirely on the 
time necessliry to produce the required velocity of flow along the supply 
pipe, and will therefore increase with the weight of the valve, and with 
the ratio of length of supply pipe to supply head. 

Thus let : — 

if a area of supply pipe in sijuare £„et. 

U — supp y lea m eet. | discharge area of waste TaWe. 

hd “• dclivQry. | = actual discharge area multiplied by the co- 

I = length of supply pipe. [ efficient of discharge. 


Then on the assumption of instantaneous opening of the waste valve, 
the velocity of flow in the supply pipe after t seconds is given by 


(equation 12", p. 242). 

/ 27 / 

where c = ^ f L ; 

1 1 “T ' . Q 

m 


~ t 

l + c * 


ft. per sec. 


and . 

a ■ 1 + 


1 

7 1' 


Experiments ' show that this formula gives results^ jn close agreement 
with those obtained in practice. 

The weight of the valve is then adjusted so as to gi^ v a valre which, 
for most efficient working, is approximately *4 ^/ha feet per second. 

The time which the valve takes to close cannot be calculated with any 
pretension to accuracy. It will evidently depend largely on the form of 
the valve body and of the valve bvy.\, and will increase as^ the lift of the 
valve, and its weight, increase. 

The total time during which it remains off its seat will thus increase with 
the delivery head and with the length of supply pipe, and will diminish 
as the ratio 11 7 ^ I increases, also increasing with its weight and lift. 

The timg during which it is on its seat increases with the distance 
from valve seat to delivery air chamber,* and increase as the delivery 
head increases, since the first of these factors regulates the time taken by 
the reflex pressure wave to^ reach the waste valve, and the second regulates 
the time at whiph the delivery valve closes, and hence the time of 
initiation of this reflex wave. 


1 Harza. Bulletin of the Unirersity of Wiiconsin. No.tf06, p. 211. 
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Experiments on a ram having a drive pipe 85*3 feet^long with a 
supply head of 8*15 feet, show the following approximate results':— 


kd ft 

Proportion of cycle during whicli Tal^e is 

_ / 

Wide open. 

Closing. 

( 

Closed. * 

10*8 

•58 1 

*11 

•31 





19*3 

*78 

*09 

*18 

50*5 

*88 

•07 

•05 


Efficiency of Ram. 

The efficiency of the ram may be considered from two points of view. 
If q is the volume delivered by the ram, and Q that escaping through the 
waste valve, H being the effective supply head, and the effective 
delivery head measured from the level of the waste valve and including 
the friction in the delivery pipe line, the total input of energy to the ram 
is {Q + q) Ht and the total oij^ut is q The ratio 

q ltd 

(Q + q)ir 

known as D’ Aubuisson’s efficiency ratio, then gives the efficiency of the ram 
afe a machine. 

The ram may, however, be looked upon as a hydraulically-operated 
pump>. actuated* by a volume Q under* head H and utilising the energy of 
this supply to lift a volume q. As this q is initially at a height //, the 
additional energy given to it in t|ie ram is simply {ha — II) foot 
lbs. per lb., and from this point of view the ratio 

qQia-IT) 

gives the efficiency of the plant as a whole. This expression is known as 
Rankine’s formula for efficiency. , 

Althoi^gh it is difficult to justify the idea of entire separation of the 
,^ater pumped from the operating water, yet, for the sak« of comj)ariBon 
with other types of pump, the latter formula, which gives results 
<sppeistently lower than the former, will be adopted in this conueoti^J 
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Whenever the efficiency of a ram is given, it should be stated which 
formula 19 used. 

SourceB of Loss. — These are due to : — 

(1) Leakage at waste valve. 

( 2 ) Resistance 61 ’ valves and of supply pipe. 

(3) Eddy j)roduction due to sudden changes of section. 

(4) Loss of resilient energy. 

Leakage from the waste valve increases with the time during which it 
is off its seat ; with the lift and area of the valve ; and with the velocity 
of efflux; all of which, with the exception of the valve rrea, must be 
increased with an increase in the delivery head. 

The area of the valve is usually made from two to four times that of the 
supply pipe, an increased area with a correspondingly reduced lift tending 
to efficiency in working. 

This is the most serious of all the sources of loss, and usually accounts 
for beiween 15 and 25 per cent, of the total energy received. 

To enable it to be reduced as far as possible, the weight an^itfKvel of 
the waste valve should be adjustable to suit any given conditions of 
working. It should be noted that this loss is not necessarily least when 
the time during which the valve is open is reduced to a minimum, for 
with a given supply and delivery head there is a certain valve travel below 
which the pressure will not exceed the delivery head. Increasing the 
travel increases the velocity of efflux and the time of opening, and there- 
fore the leakage, but at the same time increases the pressure and therefore 
the proportion of energy entering the air chamber. This goes oL^up to a 
certain point, which can only be determined experimentally, where the 
increased leakage losses counterbalance the proportional gain of energy, 
and which gives the most efficient working lift. 

This point is brought out in Fig. ^,82 which shows a series of efficiency 
curves obtained by the author from a small hydraulic ram of the type 
shown in Fig. 330^, having a supply pipe 4 feet 6 inches long and 
IJ inches dmjneter, and working unaer a uniform head of 4 feet 6 inches, 
the waste valve being 1^ inches diameter. From these curves it is evident 
that although with low delivery heads the efficiency increased with an 
increase in the number of beats of the \^ste valve per minute, as the 
delivery head was increased the speed for maximum efficiency rapidly 
diminished. 

(2) and (3) Valve resistances are approximately independent ol head, 
while loss by shock and frictional' losses in supply and delivery pipes 
increase as the velocity, and therefore as the delivery h^ad, increases. 
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(4) The loss of energy due to resilience, being proportional^ to the square 
of the pressure of the water at the instant of closing the delivery Valve, will 
vary as the square of th<' delivery head, and also with the mass of water 
affected, and will therefore increase with the length of^ the supply pipe 
and with the ratio I ~ //. / 

Evidently, then, the most economical worldng is to be exjiected with a 
ram in which the delivery head is low and in which the ratio I His 
small. While the latter factor is not essential for fairly efficient working, 



Fl«.'.332. — Eflici^hcy Curves for Hydraulic Ruiu working under a constant head of 4*6 feet. 

it is advisable where possible that this ratio should no| exceed 2’5. How- 
ever, where necessary this may be largely exceeded, and a, supply pipe 
length of 1,000 feet with a ratio I H = 25 is well within the limits of 
everyday praqtice. 

The delivery head may be anything up to about 250 feet and the suppfy 
head anything above 18 inches, but the ram becomes very inefficient as the 
ratio of delivery to suppjy head becomes great. 

The ram will work with. this ratio as great, as 80 to 1, but under such 
circumstances has ah efficiency not exceeding about 20 per cenV W3&" 
lower delivery heads, up to about four times that of the supply, theiiil' 
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will transform. up to 75 per cent, of the energy in the supply reservoir 
into useful •work. • 

Rankine gives the efficiency in terms of the rii aO - - as being equal to' 

1-12 - -2 


■M 

% 


and while lihis cannot be looked upon as being generally true, it indicates 
how rapidly the efficiency falls off as 


H 


increases. The curves of Fig. 332 


also bring out this fact very clearly. 

The simple type of ram already 
described gives excellent results where 
the diameter of supply pipe does not 
exceed about 4 inches. With larger 
size.^ the shock caused by the sudden 
closing of the waste valve becomes 
excessive, and though various devices 
have been adopted to prevent this, 
none of them have proved satisfactory 
as applied to the ordinary ram. One 
such device is illustrated in Fig. 830 5. 

Here an air cushion, regulated by the 
air-cock K, is provided for the waste 
valve, but although this effectively 
prevents shock, it also prevents any 
high degree of efficiency being ob- 
tained. This is clear if it is remem- 
bered that the velocity of efflux f the waste water is increasing the 
whole of the time that the valve is closing and has its*maximuifi value 
immediately before the valve comes to its seat, so that leakage during 
this portion of fiie cycle is morj important than at any other time. 
Slowness oi closing is thus particularly detrimental as the valve approaches 
,its seat, and in fact the more quickly the valve reaches its seat after once 
beginning* to close, the less will be the consequent less of energy in the 
waste water expressed as a proportion of the whole kinetic energy of the 
column, A further drawl sack to the devjce lies in the fact that because oi 
this leakage it becomes impossible to pump against a head greater than 
about six times the supply head. • 

In the above example the upuard pressure of the water on the valv€ 
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mile closing is increased by the provision of a deflector attached to the 
'alve spindle, this deflector also serving as the piston of the air buffer. 
Ln auxiliary waste valve Fsj^mounted on the main valve spindle as shown, 
pens with the main valve, and allows any gritty material or pebbles to 
scape. 

If necessary, the hydraulic ram may be situated weil abovji the tail 
irater level, the waste valve then discharging into a closed chamber which 
lommunicates with the tail water by means of a suction tube. The 
luction head produced in this discharge pipe then helps to increase the 
relocity of flow on opening the waste valve. The valve must now, 
lowever, be aided by means of a spring so as to be approximately 
lalanced under this suction head. Fig. 338 shows diagrammatically an 



FiO. 334.— Hydraulic Kam for pumping clean water by means 
of a lai^er supp^of dirty water under a lower head. 


arrangement of this type devised by Decceurs, which has given very good 
results. 

/ Pig. 384 shows the hydraulic ram as arranged for utilizing a large 
supply, of impure water for pumping a smaller supply of clean water. 
Here S and D indicate the clean water suction and delivery pipes. 

In pface of the differential plunger pump shown, a flexible diaphragm 
is sometimes used to divide the waste valve box from, the clean water 
supply and delivery valve box, the vioration of this diaphragm under 
the Action of the ram serving the same purpose as that of the plunger 
in the previous sketch. As thus constructed, the clean water may he 
lifted against practically any head though the efficiency is only low. 

' ♦ A simpler device, but one not so certain in its action, consists in the 
provision of a pipe leading the clean water under a head about J'that of 
th© supply head into that jpart of the valve box remote from the supidy 
pipe. A check valve prevents flow out^of the valve box along this pip0, 
and a charge of clean water is drawn into the valve box as the pres^l 
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falls at each beat. The action may be regulated with considerable nicety' 
by the provision of a regulating valve on this secondary supply pipe. 

It was not until the invention of the hydn' .lic engine of Mr. Pearsall 
that the ram attained its highest development and became a really 
efficieAt macbi-^^' ' for successfully handling large volumes of water. In 
general te«ms, tlis only differs from the ordinary ram in that its valve 
is opened and closed by mechanical means, this enabling a cylindrical 
balanced valve to be used, and the periods of the various portions of a 
cycle to be regulated to suit any given conditions of working. 

Fig. 335 shows the general arrange- 
ment of the machine. Here A is the 
supply pipe and B the cylindrical waste 
valve, which is operated by the valve 
rod Dj and which allows water to escape 
by the ports C. On closing this valve 
water enters the chamber E without 
shock and drives out before it the con- 
tained air, through a valve regulated 
by the wooden float F, When the 
water reaches a certain height the valve 
at F closes, and the pressure in E rises 
until sufficient to lift the delivery valves 
at (h The small remaining volume of 
compressed air and the water then 
enter the air vessel /f, from which the 
water is led away along the delivery 
pipe T. A second air chamber S is 
sometimes fitted, but is not essential. 

The valve B is now opened, the j ush 
of water out of E and down the supply pipe is followed by its closure, 
and the cycle of oj)erations is repeated as before. 

The method of working this vaive is ingenious. The shaft J carries a 
pendulum K, which swings through an arc of about 240°, and also a cam 
BO proportioned as to divide the time of a swing of the .pendulum into 
two parts suitable for the flow and dehveHry parts of &e cycle. This cam 
regulates the motion of the valve rod. ' 

In order to maintain the swing of the peijdulum against friction, a 
, crank on J is cqppled to a piston in the small single-acting cylinder P, 
into which air is admitted from the air vessel at eatjh double stroke, so as 
to give a slight impetus to the pendulum at the middle of its swing. 





Fig. 335.— rcarsall’s Hydraulic Engine 
or Kam. 

• • 
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The engine is stopped and started by the bar Ny which, when held 
igainst the pendulum, engages with the rachet M when this begins to 
lescend. This stopping takes place immediately before the end of a 
vorking stroke, when the main valve is closed and when the flow of water 
n the main pump has for the moment ceased. On reler.sing the rachet, 
he ram at once engages on a normal stroke. ^ 9 

As thus constructed, the machine is capable of dealing with practically 
my quantity of water, and works as noiselessly as a pumping engine. 
Che smoothness of its working as compared with that of the ordinary 
ype of ram may be inferred from Fig. B36, which shows a diagram taken 
rom the valve box of a ram of this type. 

The simplicity of the mechanism of the hydraulic ram, its high 



Fio. 336. — PresBure Diagram from Pearsall’s Hydraulic liam. 


efficiency, and the fact that it is capable of working for very long periods 
vithout attention, render it specially well fitted for use in a private 
)umping plant, and there is every indication that at the present time its 
nariy advantages are being to an increasing extent realized. 

Hydraulic Bam for Air CompressioiL—With slight modifications the 
lydraulic ram may be adapted for use as an air compressor^ Thus in the 
Pearsall ram tl^e chamber E is enlarged so as to hold the whole volume 
)f air compressed ih a single stroke, while the valve at F is modified ^ 
IS to confine this air, and the delivery valves at G are slightly modified. 
Che cyhnder P is also now worked by pressure water from the air vessel 
B instead of by compressed air. As thus constructed^ efficiencies of 
upwards of 80 per cent, may be obtained. ^ 

Fig. shows a type of air compressor on somewhat similar .%e9 
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designed by M. Sommellier and used in the work, on the Mont Cenis 
TunneU Here the inlet v&lve Vi and the waste valve V 2 are mechanically, 
driven, and are coupled together. When the v^ Ve Vq is opened the water 
in the compressor finds its own level and air at atmospheric pressure is 
drawif in throu'^h the air valve F 4 . V 2 is then closed and Vi opened, 
allowing jjressurd water to flow along the pipe A, and in virtue of its 
pressure and momentum to compress the air in the chamber J5, whence 
it passes through the delivery valve Vs into the air reservoir. Vi is then 
closed, V 2 opened, and the cycle of operations repeated as before. Work- 
ing under a head of 85 feet, this compressor delivers air a pressure of 



75 lbs. per square inch. The machine is, however, somewhat cumbrous 
for the amount of work which it ?*=> capable of performing 

^ Art. 187. — The Jet Pump. 

The fact that the pressure energy of a water supply may be converted 
into kinetic energy, with a consequent reduction of pressure, is taken 
advantagtfof in the type of jet pump deviled by Professor James Thomson 
(about 1852). The pump, as usually constructed, is illustrated in Fig. 338. 
Here water from the srnrce of supply^ is led through the converging 
passage P, its pressure diminishing as its velocity increases, and is 
finally discharged into thfe delivery pipe through the diverging passage D 
It follows that at the section J, where its velocity is greatest, its pressure 
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ictay become considerably less than that of the atmosphere. A chamber 
surrounding J is connected to the supply of \Vater to be punlpedyby the 
suction pipe S» The redjiiction of pressure in this chamber is then 
accompanied by a flow of water along the suction pipe, which, meeting 
the high pressure jet, is carried forward as a combined^oiream iuto the 
diverging discharge pipe D. Here its kinetic energy it partially recon- 
verted into pressure energy, which is utilized in overcoming the head to 
be pumped against. 

Let hi = height of supply head above jet in feet. 

„ h, = height of jet above suction supply „ 

„ Hd = height of delivery head above jet „ 



„ ai = area of nozzle in square feet. 

it, = area of annular suction pipe in plane of nozzle, square feet. 

= area of mixing chamber at throat, square feet. 

Q = volume passing per second, v = velocity, ahd j? the pressure 
in lbs. per square foot at the point denoted bjy a' suffix. 

On the assumption that the sides of the mixing chamber are sensibly 
parallel from tile nczzle until the jets have attained a common velocity 
‘and pressure at D, so that, neglecting friction, the sides of the chamber 
exert no force on the water, we may apply the* equation of momentum,, 
which now becomes : — ‘ 
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ai ^ 


(*id}ld 

Vi 


a — 


ttg — ai Vi^ _ Pi ai + j>< — Pd <^d 


*9 


W 




)+-(f,^+.S)-'(f+ft) 

= ij- { «<i ^’<i’ “ “« ~ ®i ®>*f 
O,! I'd — «. - «l PlM (1) 


or • fli Ai — * o. A, — a, I K = 

Again, for continuity of flow, we have : — 

ai ri + a, \\ = (t^l Vfi 1 /o\ 

or + (?» = Qd f 

From these equations, when the dimensions of the pump and the 
eads are given, any two unknown velocities, and hence quantities, may 
e determined. For example, if Q is given, Q, and Qa may be determined, 
f, in addition, we assume that the pressure across the mixing chamber 
tnmediately in front of the nozzle is uniform, and equal to pj (an assump- 
ioii which is only true so long as both ptreams are parallel), we have 


hi 


• 4- J ^ 


'^9 


V) 

W 


••• • 

or — 2 ^ {hi + h^ 

Introducing this value of v, in (1) we get : — 


(3) 


cii hi — «d ha = 2^ '^d "" (^1 + + W 

or (ai - o,) hi - 2 o, h, - ha = ^ v/ - (fli + a.) V}. (4^ 
While, by substitution in (2) 

ai Vi + a, - 2 g {h + h,} = • (5) 

From equations (3), (4) and (5), if the areas of the passages and the 
^rarious heads ai» given, the velocities Vi, v, and and thus the quantities 
Oi, Q, + Qdf inay be determined. 


Example. 

ThomsorCs Jet Pump. 

hi = 40 feet. ai = ‘2 square feet. 

hg = 15 feet. \ = *4 square feet. 

Jia = 10 fget. ua = *6 square feet. 

* Negative sign because i® negative if A| is positive. 
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Determine Qi, Q, and Q^, and also the pressuj-e ^ at the thjoat of the 

mixing cone and ^ in the plane of the orifices. 

From equation (4) we have : — 

- {-2 X 40 + -8 X 15 + -6 X 10} 

V = 2,790. (i) 

Again, from (5), 

(•6 Vi — •2®i)» = -16 — 64-4 X 55} 

j)i“ + 2 - 3 t)/ = 4,718. (ii) 

Substituting for r/ in (ii) from (i) : — 

»i“ + 2 viJ fi* — 2,790 — 3 {vi^ — 2,790) = 4,716. 

.-. i'i« - 1,826 = ri Vv? -*2,790. 

Squaring both sides, we get, on reduction : — 

862 vi^ = 8,333,000 
or vi^ = 3,866 

i\ vi =z 62*2 feet per second. 

Substituting this value in (i) : — 

= V 8,866 ~ 2,790 = 32*8 feet per second ; 
while from equation (3) : — 

= s/ 8,866 — 3,542 =: 18*0 feet per second. 

‘2 = 12*4 cubic feet per second. 

. Qd = '8 Va = ll^V cubic feet per second. 

'' iQ$ = ‘4 V, = 7*2 cubic feet per second. 

^ Again, since ^ = h, 

-^ = 40 — 60*1 = ■— 20*1 feet of water. 

wme since K = 

^ = 10 - 16*7 = - b*7 feet of water. 

The actual height through which the water may be forced by the pump 

less than the value given” by feet, bi3cause of the 

iOBS of energy by eddy formation in the divergirfg discharge pipe, and 
may amount to between *6 4nd *7 h^. 

' This loss of energy is .proportional to and \Jill therefore inci-ease— 
lince the necessary value for Vd increases— as h increases^ Conseauentlv. 
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since the total work done in pumping is proportional to 
while tl^B loss depends orfly on the efficiency will increase as h, is 
increased at the expense of 

It follows that with a given total lift, the suction head should be 
increased as far^j-^i possible —up to about 22 feet— at the expense of the 
delivery he^d. Tilis conclusion is borne out in practice. 

The efficfbney of the pump is given by — 

^ qvOh - 


This efficiency is of necessity low, since the action depends on the 
mixing of two streams moving with different velocities, and hence involves 
considerable loss by shock. E,g., in the numerical example considered 
on p. 696, the efficiency (assuming = •? h^) is given by — 

_ 7*2 (7 + 16) _ 

12*4 X 33 


V = 


•887. 


Actually, frictional losses reduce the efficiency still further, and the 
maximum efficiency attained in practice, even with a pump^^ii^ed at 
delivery level, is about 25 per cent. This is increased to about 30 per 
ceni. where, as when used for delivering a high velocity jet of water for 
fire purposes, the necessity for converting the kinetic energy of the jet 
into pressure energy is absent. 

For continuous pumping and drainage operations where a fair pressure 
supply is obtainable, and where the volume to be lifted and the working 
head are small, the method offers the advantages of simplicity and low 
first cost, while practically no attention is required. •Unless tue supply 


head is large compared with the lift, the ratio ~ is, however, very 
small — often so low as J. 

The principle of the steam injertox, as fitted for boiler feed purposes 
is identical with that of the jet pump. The preceding equations, however, 
need to be modified, since the streams of fluid on impinging are not of 
equal density, although they beco-L-e so on condensation of the high 
velocity steam jet. 

The principle of the jet pump has been applied in an intensifier for 
raising the pressure of a large quantity of low pressure water by 
means of a small supply at high pressure, the delivery pipe D leading 
directly into the cylindoi of the intensifier. While not economical 
from an energy standpoint, the simplicity and low first cosir of the 
apparatus render it very Suitable *for such work wtiere its use is only 
occasional. 
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Art. 188.— The Injector IIydrant. 

Since the chief loss of energy in the ordinary jet pump is due to shock 
at the collision of the two jets, it would appear that the total loss might be 
diminished by diminishing the velocity of the high pressure, or incJreasing 
that of the low pressure jet in stages, instead of at a siligle in^pact. 

This method has been applied with success by Mr. Greatnead in the 



construction of his injector hydrant \Fig. 339), which' is adapted for fire, 
extinguishing purposes where a continuous supply of high pressure water 
is available, as is the case near the pipe line from an hydraulic power 
station. By itself,* the water in » the power main is of insufficient volume lb ^ 
have any appreciable effect on a fire, but when used with an injector hydranf , 
in connection with a low pressure main the advantages of the system 
very great. As exemplifying the effect of a small jet of high pressur^^ 
water in increasing the height of thoimain jet, it is stated thdt whiloAB 
ordinary IJ-inch hydrant supplied from a main at 40 lbs. pre88i»4.^}Jf 
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give a stream about 50 feet high, the same when reinforced by a §-inch 
jet of wjterla.t 750 lbs. pei* square inch will lift a slightly greater (about 
15 per cent.) volume of water from the main aiK’ will deliver this as a jet 
85 feet high. 

The^fficiencj^ of the hydrant from an energy point of view ranges from 
28 per cent^ to 33q)er cent. 

The following table, given by Mr. GreatIioad\ shows the quantity 
of high pressure water, at 700 lbs. per square inch, required to deliver a 
jet of 150 gallons per minute through a 1-inch nozzle, through a height 
variously estimated to be from 75 to 84 feet, and requiring a head at the 
, nozzle of 100 feet. Here allowance is made for 200 feet of 2J-inoh hose, 
the resistance of which is equivalent to 50 feet head. 


liOw Pressure Supply. 

High Pressure Supply. 

Lbs. per square inch. 

Feet. 

Gallons per minute. 




GO 

139 

3-7 

50 

115 

10-9 

40 

92 

181 

80 

69 

25*2 

20 

46 

32-4 

10 

23 

39*6 





Art. 189,-~“The Air Lift Pump. * 

Among other devices for pumping liquids against a large head, that 
known as the air lift pump is worthy of notice. Invented probably by * 
Carl Lbscher about 1797, the systen: fell into comparative desuetude for 
many years, and has only recently been revived and imploved. Ih view 
of its increasing us(', and of its adaptability to many difficult cases of 
pumping, it is w^’ih while consid'-^ring the system somewhat in detail. 
Briefly, the method consists in sinking an open vertical pipe with its 
lower end suomerged in the liquid to be raised, and having its upper end 
arranged to discharge into a reservoir at, the required hefght. Air from 
a compressor is then forced through a smaller air pipe into the submerged 
opening of the lift pipe or^’ising main. The air bubbles, rising through 
the water in the lift tube, so reduce th(i» speciflc gravity of the mixture, 
and therefore th*e weight ^f the qplumn, that the qxcess pressure at the 

I » Proceedinirs Institute Mechanical Engineers, ” 1879, p. 864. 
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base of the column, due to the external water pressure, becomes sufficiently 
great to force the mixture above the supply level and out of ihe top of the 


Fia. 310.— Air Lift Pumps.* 


pipe. This excess pressure increases with the depth of submersion of tho 
pip6, and the latter must therefore bo regulated to suit the height to 
which water is to be lifted. 
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In general, the depth of submersion h, (Fig. 340) is made from (1*5 to 2) 
times th§ liff so that th5 total length of lift pipe = (2*5 to 3) As 
the depth of immersion is reduced, the relative a*r consumption increases 
and the efficiency diminishes. As will be shown later, a further increase 
in hg tehds to moVo efficient working, and is advisable where this may be 
obtained without gl*eat expense in deepening the bore hole. 

To keep Sown frictional losses, the velocity in the lift tube, calculated 
on the volume of water discharged, should not exceed 5 feet per second. 
The efficiency of the system, as calculated from the ratio of the work done 
in lifting water through a height to the indicated wa'k in the air 
compressor engine cylinder, is generally between 25 and 30 per cent. — this 
allowing for a compressor efficiency of 75 per cent. — but under favourable 
conditions may rise to 45 per cent. 

There are three methods of arranging the pipe lines in a well or 
bore hole. 

(1) The central air tube system (Fig. 340a), in which the air pipe is 
suspended in the centre of the lift tube. 

(2) The annular air tube system, in which the space between the lift 
tube and the bore hole is used as the air line (Fig. 340 b), 

(3) The side-by-side system, in which the air and lift tubes are carried 
down the well side by side (Fig. 340 c). 

The first of these systems has the disadvantage that the hydraulic mean 
depth of the water passage in the lift tube is reduced ^ the air tube, being 

_n-r_D-d 

2,r(i{ + r) 2 4 ’ • 

where I) and d are the internal diameter of the lift tube and the external 
diameter of the air tube respectively,^ 

This loads to increased frictional losses and so to diminished efficiency. 
The system is, however, very suits ^^'e for application to a amall bor^ hole 
of suitable dimensions, since the only additional expense is the provision 
of the comparativ^y small air pipe, while any alteration in the length of 
this, to suit different conditions of working, is a simple matter. In 
general this wiH be found more advantageous than the second system, 
the chief advantage of the latter lying in its possibilities oL more effective 
air distribution. * 

Where the well or bore hple is of large diameter, the side-by-side system 
. has many advantages in virtue of its accessibility ,^implicity, and flexibility. 

• # . . Dt 

‘ With, a plain tube of the same sectional larea the hydraulic mean depth is given by ^ 

where * V d*. 
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In every case provision must be made for distributing the air evenly 
and in small bubbles among the water in tiie' lift tube, since experiment 
shows that the system is then much more effective than where the air 
bubbles are so large as to fill the tube. The diameter of the bubbles at 
their initiation should be alx)ut J inch. Some such arrangement* of foot 
box, as shown in Fig. 840 c, is essential for efficient worlftng. Comparative 
tests show that this type, in which air enters all around Ihe circum- 
ference of the lift tube gives efficiencies 20 per cent, greater than that 
shown in Fig. 340 d, in which the air is supplied in a single central jet. 


Theory of the Air Lift Pump. 

Let Vy) = volume of water raised in cubic feet per second. 

„ = mean volume of air used, in cubic feet per second, 

during its passage through the rising main. 

„ = volume used in cubic feet per second, at atmospheric 

pressure, 

» ^ Ih = pressure at base of rising main. 

» K +h, = l feet. ■ , 

Then, assuming isothermal expansion of the air in the lift tube,we have : — 


V = 

Pi -Pa 


]h\ 

vJ 


(1) 


F.„ 


The mean specific gravity of the mixture in the tube = p- jfV ’ 

w- »' 10 I ' TO 

^ V 

Head '-producing flow = h, — {ha -f h^) feet of water, 

= hs feet of mixture in 

the lift tube, 
y 

= hg ““ K feet of mixture. 

Equating this to the sum of the friction head hf, and the kinetic 
hyt we have, on reduction : — 

V — V 


. ir _ F. ^i+A.+ h. 

■ ■ y.-y^ , • ifc - t 


Kv {h d + hf ^ hf) 
841og.g' 


. ^si] 


since 




Pa 


¥ 




^ This relation enables the volume of free air per cubic foot of wat^,;lo 
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be determined in terms of Jby and Writing h. 


- 1 IZi+Sl’ 
2^ I 


7 iS 

, and 


f (It “ 4 " It ^ 

putting hf = ^ (where is the merh square of the velocity 

in the •tube) thiti latter term may be taken as approximately equal to 
' ^ ' i ’ which case the ratio Vg, -f- Vy, may be directly 


obtained in terms of ha, K, A and/. 

The author has determined the values of /for a mixture of air and water 
(the friction head being expressed in feet of a column of the mixture in the 
tube) from the published data of a largo number of trials on such pumps. 

Making the above assumption as to the value of v, the value of / varies 
from *033 in the case of a 3-inch pipe with v = 12*16 f.s. to *023 in a 
12-inch pipe with v = 6*5 f.s. In every case / has a value very 
approximately six times that obtaining for the flow of water alone at the 
same velocity. 

In practice the following approximate values of Vg -f- Fu, are f^^^nd to 
give the best results ; — ^ 


ha (feet) 

10 

20 

[ 

! 

30 ! 

50 

100 • 

Va ^ F„ 

10 

i 

1-5 

i 

2*0 

1 2*5 , 

, 3*0 


Efficiency of the Air Lift Pump. — Assuming isothermal compres- 
sion, the work done on the air during compression from to pi 

= Pa K log. ~ toot lbs. 

Vo> 

The useful work done by the c»Ir in raising F„, cubic* feet of mter 
through a height feet = 62*4 F^ foot lbs. 

/. Efficiency — # 


.Vi 


Hi 

'Va 


% F4og/'‘ log, ■ X F„ ih + hr + \) 

Pa Pa 

ha + h + , 

On the assumption of adiabatic compression from p^ to pi, the wdrk done 


C2) 


on the air = 3*463 p^ V^ 


idiabatic compre 


foot lbs., so* that the efficiency 
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‘ 

From expression (2) it appears that as h^i is incr^sed from zero 
(keeping constant) the efficiency will increase antil ,^ome point 
is reached at which the (velocity of flow)^ increases more rapidly 
than does This gives the value of for maximum efficiency, 
In practice it is found that the ratio h, -f- then lies between 
1*6 and 2*5, the larger values of the ratio being used with low values 
of h^. 

The following table gives the results of tests on a plant of the 
type illustrated in Fig. 340 c, carried out by Professor Josse at 
Charlottenburg : — 


Diameter of lift tube, inches 





HiV. 

n 

2f 


2| 

Diameter of air pipe, inches. 





h\ 

5 

- 

- 


Diameter of bore hole, inches 

‘‘•i 



H 


-- 

- 

~ 


Depth of immersion, hs feet ' . 

4‘J‘2 

4t)-2 

4y-2 

49-2 

4!)-2 

111. 

69-2 

72*9 

62*0 

Height of lift, hd feet . . . ^ 


21-6 

24-6 

21-6 

2t-6 

i3'5 

50-.5 

46-7 

57-8 

■ 

I'Gallons per minute . ) 

24-2 

os-a 

1)4-0 

1)6-K 

94 -8 

800 

47-.5 

511 

39-2 


[ Cubic feet per second . | 

•065 

•177 

•2r)i 

•259 

•253 

2’3.’) 

•127 

•137 

•106 

Va cub, ft. at atmospheric pressure 

•127 

•soy 

•7,31) 

•842 

1-766 

6*46 

•316 

•334 

•346 

! 


s volume of air per cub. ft.| 
of water . . . ( 

1-96 

1-75 

21)4 

3-68 

7-50 

2^5 

2-49 

2-46 

.3-30 

'iTelocity of flow at entrance, f.s. 

2-64 

3-4G 

4-90 

5-07 

4-61 

7-65 




Mean yelocity of mixture in tube 

6-16 

6-64 

12-46 

14-87 

22-80 

20-8 






rWater H.P. . \ 








( 

b'K 


Lmmency j 

l.H.P. in compressor!- 
1 cylinder. *. J 

^ 1 „ 1 

89-8% 

u-ru 

2C-7'’/. 


i-0-6°;o 

38-4% 


i2-3%‘ 
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A very extensive series of experiments carried out by the Westinghouse 
Air Brake Company in a 6-inch well, 174 feet deep, at Wilderning, Pa., 
lead to the following general conclusions: — 

(1) The rate delivery of water, and the air consumption per gallon, 
with fixed size of ^ discharge pipe, are practically constant for all lifts, 
provided the^iratio o^ lift to submergence is maintained constant. 

(2) With a discharge pipe of given diameter, the delivery decreases 
and the air consumption per gallon increases as the ratio of lift to 
submergence increases. 

(3) With a fixed ratio of lift to submergence, the air consumption per 
gallon decreases as the size of discharge pipe increases. 

(4) The least air pressure that will give continuous flow is the proper 
pressure to usa A slightly lower pressure gives intermittent delivery 
and the amount delivered is much decreased, though the air consumption 
per gallon is slightly lower than with continuous flow. With pressure 
higher tlian just enough to give continuous flow, the delivery is increased 
somewhat, but the air consumption per gallon delivered is in^ea?fed in 
greater ratio; and with further increase in air pressure a point of 

■ maximum delivery is reached, beyond which the delivery is decreased in 
amount. The sound of the discharge is a reliable guide to proper 
regulation of the air supply. 

(6) It appears from (2) that by increasing the submergence, i.e. 
locating the foot piece deeper down in the water, for n given lift, the air 
consumption is progressively reduced. But as the required air pressure 
is increased with the greater depth, a cubic foot of air topresents greater 
power. A curve representing the variation of horse-power required per 
galion of water delivered, with depth varying, shows that the power first 
decreases with increasing depth, then reaches a minimum and thence 
increases. The ratio of lift to subm^ergonce at this minimum point may 
be called the “ economical ratio.” 

(6) For a given size of discharge pipe the economic ratio decreases as 
the lift increases ; ?.c., the submergence should be increased in greater 
ratio than the lift. For a given lift, the economical ratio increases 
(submergence decreases) as the size of discharge pipe increases. 

(7) A tail piece, or projection of the discharge pipe Below the air inlet, 
is essential in starting, as it tends to prevent the air from backing down 
into the well and rising in the casing outside thejdischarge pipe. 

' (8) Anything ip the shajjp of a jet or pipe introduced into the discharge 
pipe to serve as air inlet has no^alue, and is, in'fact, detrimental by 
forming an obstacle to the free passage of water. 



706 


IIYDllAULICS AND ITS APPLICATIONS 


(9) lu starling the pumping the air should be admitted slowly. 
Pumping will not commence immediately, but after several ’seconds, 
perhaps even a minute, wrier will come with a rush. This is followed by 
a lull, after which the operation becomes more uniform. The valve can 
then be opened until continuous How is obtained. 

For deep well pumping, the air lift pump is very sAtab^^,<3ince it can 
be used in any bore hole of sufficient diameter to admit the necessary pipe 
lines, and can take advantage of the whole discharging capacity of 
bhe hole. 

In addition,’ the absence of moving parts below the surface, the 
possibility of installing the compressing plant at practically any distance 
from the bore hole, and of pumping corrosive liquid or water carrying 
3olid matter in suspension, together with the certainty of operation, give 
bhe system very obvious advantages, and in many instances greatly 
Dutweigh the disadvantage of moderate efficiency. 

With hot liquids, too, the efficiency is augmented, since the volume of 
lir intlie^nsing main is increased by the rise in the temperature, while 
in many instances the aerating effect of the air is an advantage.^ ^ 

Art. 190.— Hydraulic Air Compressor. 

By reversing the action of the air lift pump, and allowing water, under 
a head to flow down a vertical pipe of length {h,i + hX which has a 
lengtli hg submerged in th^tail race (Fig. 841) a typo of air compressor 
is obtaimd which ^s fairly efficient, and has obtained some success from 
its simplicity of construction. • 

Water entering at the upper end of the down pipe induces a series of 
small, air jets through suitably placed openings, and, if the velocity is 
sufficiently great, carries the entrained air to the bottom of the pipe, where 
its pressure = 2’3 k, lbs. per square inch approximately. The water is then 
illowed to escape, while the air is collected in an air chamber surrounding 
the falling main. « 

The pressure to which the air may be compressed is thus independent 
if the supply head and depends' solely on /i,. Since, however, the head 
required to maintarin the required velocity of flow increases ^ith this’ 
limits the pressure attainable. 

^ Further information on this subject may be obtained from the following papery 

” Proceedings Institute Civil Engineers,” vol. 140, p. 323^. 

’^Proceedings Institute Civil Engineers,” vol. 163, ISIOo-bj part I., p. 853. 

British Association of Waterworks Engineers,” 1903. 

fflyiKwr, January 10, 1908, p. 26.- 
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The velgcity with which fine bubbles rise through still water is 
-approximately 9 inches per second, and it is essential that the velocity of 
flow be greater than this. Experiments show that velocities of from 
12 to J.6 feet pr second give the best results. 

The volume of^air compressed per cubic foot of water used, may be 
determined as in the case of the air lift pump. 

Recently published tests of such a plant as here described are said 



to have given an efficiency of 82 per cent.^ Here = 71 feet 
and hg =^61 feet. Three vertical ihafts are •used, each 6 feet 
in diameter, and the plant is capable of developing 4000 H.P., com- 
pressing the air to a pressure of 117 lbs. per square inch above the 
atmosphere. * • 

• / 

^ Mtginsering and Mining Journal, Ne# York, January 19, *1907, p. 12B. See ako an 
abatract in “Proceedings Institute Civil Engineers,” vol. 169, p. 600. This value is probably 
high. See also Engineer, Nov. 10, 1911, p. 482, 
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Am. 191.— The Humphrey Gas Pump. 

In the Humphrey pumpf^he expansive force following the ignition of 
an explosive mixture of gas and air is directly utilised ti^ pump water. 
In its simplest form the pump consists of a combustion chamber C 
(Fig. 342), fitted with valves A and E for the admission of ga^ and air 
and for the exhaustion of the waste products of combustion. A continua- 
tion of the combustion chamber forms a suction chamber W with its 
Suction valves V and the delivery main D, which discharges into the 
elevated tank E T. The action of the pump is as follows : — A compressed 
charge of gas and air in C is ignited by an electric spark and expands, 



-driving forwards the column of water in the delivery pipe. Expansion 
proceeds until the pressure falls to or below atmospheric, when the suction 
valves V and the exhaust valve E open. In virtue of its momentum the 
delivery column maintains its motion^ for some appreciable time, during 
which water is drawn through the suction valves, part of this* joining in 
the motion of the column and part entering the combustion chamber. 
After a short time ^the momentum is destroyed and the colucnn, act^ 
upon by the pressure due to the delivery head, begins td return, closing 
, the* suction valves and forcing the waste products out through the valve 
This action is continued ‘until the water level rises to that of this valve, 

■ ^hich is closed by the^impact, and the remaining products are compress^ 
' i^to the space F, This compression continues until the column is brought 
when a second outward motion of the column ensues and 1^, 
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pressure in F falls to atmospheric. At this instant the inl^ valves are 
opened, and the further •motion of the column draws in a fresh charge of 
air and gas. Again the column returns under the elevated tank pressure 
compressing this charge which is then ignued to start a fresh cycle of 
opertitions. The cycle is thus identical with that of the four-cycle gas 
engine. By a ^comparatively simple modification of the combustion 
chambei* and its valves the cycle may, however, be made to correspond 
with the two-cycle engine.^ 

Examples. 


(1) A hydraulic ram uses 50 gallons of water per mini^e under a supply 
head of 4 fiiet, and pumps 5 gallons of this against an clTective head of 
30 feet. Determine the efficiency of the ram. 


Answer. 72*25 per cent. 

(2) A ram uses 900 gallons of water per minute under 10 feet head, 
and pumps 50 gallons of this through 500 feet of 2 J -inch piping into a 
reservoir at a height of 80 feet above the ram. Determine the efficiency, 
taking / = *014. ^ 

Answer. 60 per cent. 

(8) The waste valve of a hydraulic ram is 4 inches diameter and is 
required to begin to close when the velocity of flow past the valve itself 
is 6 feet per second. Assuming the dynamic pressure on the valve per 


W 

unit area to be given by 1*35 2 — Iks., where Tr= weight per cubic foot 

of water, determine the necessary weight of the valve. 

Answer. *828 lbs. per square inch. , 

Total weight = 4*12 lbs. 

(4) A jet pump placed 8 feet above the suction reservoir and 60 fe'jt 
below the supply reservoir, liN: its water through a total height of 
8 feet 9 inches. Determine its efficiency when deliverftig 100 gallons per 
minute and when using 36*5 gallons per minute from the supply reservoir. 
Ai:jwer. *257. 


(5) An injector hydrant takes 25*2 gallons per minute of high pressure 
water at 700 lbs. per square inch and delivers 150 gallons per minute at 
a pressure of 65 lbs. per square inchf the bw pressure supply being at 
80 lbs. per square inch. Determine the efficiency. 

Answer. \*273.^ 

1 Details of th# mechanica^onstruction of these pumps are given in Promdingi ImUhiU 
Mechanical Engineers, 1909, p. 1076. A set of five recently oenstructed for the MetropoUtaa 
Water Board pump 180 millions of gallons per day, with a lift of 26 to 30 feet. 



CHAPTER XX. 


The Hydraulic Transmission of Energy— Accumulators— I iitensiliers — Frictiof. of Leather 
Collars for Rams— Water Meters. 

Art. 192. — The Hydraulic Transmission of Energy. 

Since water is^virtually iiicoiDpressible, if one end of an enclosed column 
be exposed to the pressure of a moving ram the energy of this will be directly 
transferred to the other end, the only loss of energy being due to pipe 
friction. With waiter of a givven pressure intensity, the energy trans- 
mitted varies directly as the volume of water flowing per second, and 
hence as the velocity of flow, while with a given velocity the energy varies 
directly as the pressure. 

It follows^ that as the loss due to friction increases as the square of 
the velocity, the proportional elTect of this will diminish as the working 
pressure increases, and for high efliciency of transmission the worldng 
pressure is of necessity high. 

In many instances the use of water under considerable pressure as 
a medium for the transmission of energy from a central power station 
to a private consumefr oflers^cided advantages over other methods of 
power transmission, and this is particularly the case where the power 
is required to operate machinery in which the action is either — 

(a) Comparatively slow, but in which a considerable force is required, 
{irfu particularly where the motion is to be regulated with groat iirecision; 

, (h) Largely continuous in one direction and in which frequent reversals 
of motion are noi necessary ; or - '■ 

(c) Very intermittent, a large force being required at intervals and for 
a comparatively short time. ^ 

Itis thus well adapted for the operation of presses, flanging and riveting* 
machinery, lifts, hoists, cranes and testing machines. ^ 

The state of high ^efficiency to which the transmission and utilization* 
of 'energy in this form have attained is largely due to Ldrd Armstrong, 
who was probably the first to develop the use qf high pressure energy^ 
and who evolved the many details necessary to make the system a 
practical success. 

In many large towns, of which London, Manchester and Glasgow are 
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notable examples, private customers are supplied by a system oyhydraulio 
mains, talking water under pressure from the supply station to the service 
pipes leading into the house or works. The pressure adopted varies from 
700 to 1,600* Jbs. per square inch, being 750 Ijs. per square inch in the 
City of*London, and 1,120 lbs. per square inch at Manchester and Glasgow. 
The arrangement the Whitworth Street West Station of the Hydraulic 
Power Suf^ly Department of the Manchester Corporation Waterworks 
may be taken as typical of such installations. 

Here the motive power is supplied by six inverted cylinder, triple 
expansion, surface condensing engines, having cylinders 15 inches, 
22 inches, and 36 inches diameter by 24 inches stfoke, and each 
developing about 200 LH.P. when working at the normal speed of 
sixty revolutions per minute, with steam at 120 lbs. gauge pressure. 

The steam-raising plant consists of live Lancashire boilers, 30 feet by 
7 feet 6 inches, fitted with Vicars’ mechanical stokers, and each capable 
of evaporating 4,500 lbs. of water per hour. 

The engine cranks are set at 120^^, each crosshead being direct coupled 
to a single-acting plunger pump, 4 J inches diameter by 24 inches' stroke. 
Tlie pumps thus have a mean plunger velocity of 240 feet per minute, 
which may, if necessary, be increased up to 260 feet per minute, 
the normal delivery of each set being 230 gallons, and the maximum 
250 gallons per minute. 

Tlie water supply is taken from the town’s mains at a pressure of about 
40 lbs. per square inch, and before passing into tliB storage tanks, from 
which the pumps derive their supply, is utilized to work a direct-acting 
intensifying pump, by means of which part is pumped directly into the 
pressure mains. This pump exhausts into the storage tank, and for each 
gallons which it exhausts, pumps 1 gallon into the pressure mains. 

The water from the storage tsnks is circulated through the surface 
condensers of the engine by metnis of a special circulo4]ing pump, with 
the result that danger of freezing in winter is largely eliminated. - 
Air vessels ar# fitted on all sucGon pipes and are charged by portable 
hand pumps. The volume of each air vessel is approximately 3 cubic feet. 

The main pumps have no delivery air vessels and deliver into' a common 
pipe, this^eeding two accumulators, each 18 inches diamiter, and having 
a lift of 23 feet, the dead weight, consisting of 'iron s^ag being carried in 
circular iron cisterns 11 feet 3 inches diameter. The total weight of 
casing, slag, and ram of each accumulator ie approximately^l29 tons. 
One of these iS slightly^neavier than the other, the heavier one being 
provided with a tappet gear, by means of which the throttle valves on the 
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mam sieam pipe are automatically closed as the ram reaches the extreme 
limit of its upward stroke. The engines under steam are ihu^ brought 
to a standstill, and remain so until the tappet is released by the descent 
of the ram. Each accuirtulator is fitted with an electric l^Ii, which gives 
warning when the ram is about 10 feet from the bottom of its stroke. 

The pressure water is led into the streets by four 6-i^ich casji-iron pipes, 
after which the branch pipes vary in diameter by even ihches from 
6 inches down to 2 inches. 

The joint flanges are oval, the joint consisting of a bevelled spigot and 

faucet union seciiringa |*“inch 



IKg. 343,— Joint for 6-ia. I’ipe, 1,100 lbs. per square 
inch. 


gutta-percha ring by two 
bolts. Fig. 848 illustrates 
the type of pipe joint as 
adopted for a (l-inch pipe, 
and as invented by Mr. E. B. 
Ellington, the maximum and 
minimum diameter of the 
flange being 19 inches and 
10 J inches respectively. 
These pipes are laid with the 
longer axis of the flange hori- 
zontal for facility in getting 
at the bolts. 

The main stop valves are 
balanced both ways by the 
insertion of a small valve 
IJ inch in diameter insi(Je 
the main valve, the elTort 
required to open the latter 


only^being that ‘necef sary to overcome its dead weight. A spring-loaded 
momentum valve, h iving a ram IJ inch diameter, is fitted on either 


side of every stop valve to minimise any shocks that fnay occur in the 


mam. 


To indicate the condition of the mains and valves, a daily record of the 
minimum flow*duryjg the timq the demand is at its lowest (between^ 
Up .m. and 4 a.m.) is kept by means of an automatic electrical recorder*. 
Should this show an abnormal increase in the ohtput for several conseciH; 
tive nights the mains aref tested. For this purpose certain of 
^Valves on the trunk m^ins are kept closed so tl&t the several ciroiKta arft 
connected onlv at the power station. Here they can be seiiarated 
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four sections, and the section in which the abnormal flow is'bccurring is 
indicated by the behaviour of the pressure gauge connected with that 
circuit. The stop valves on this main are then shut down in succession 
x^until the defect is discovered, either hy the aid of an iron rod which 
conveys the sound of the escaping water to the ear, or by applying a 
pressure gauge. I Usually the former method is adopted. 

All the* pressure water is metered by Kent’s high pressure rotary meters 
before reaching the consumer, some 97 per cent of the water delivered by 
the pumps being registered on these meters. 

The following abbreviated scale of charges, which cauie into force at 
the end of 1907, may be of interest, as indicating the probable cost of 
such power.^ 


Quantity of water used | 
in gallons per quarter j 

2,000 
i)r und(‘r 

r>,ooo 

10,000 

20,000 

r, 0,000 

100,000 ' 

200,000 

i 

300,000 

Charge per 1,000 gallons \ 
in shillings j 

12:. 

Sf) 

6-4 

5-2 

4 '.5 

3‘7 

3- 10 

2-83 


A 

Power water taken in excess of 300,000 gallons per quarter is charged 
2s. per 1,000 gallons for the excess quantity so taken, and where the con* 
Burner agrees to take a minimum quantity of 500,000 gallons, the price 
attains a minimum of Is. *6d. per 1,000 gallons for a minimum jof 3,000,000 
gallons per quarter. 

Assuming an efficiency of 75 per cent for the consumers’ machinery, 
this gives a cost per IbH.P. hour varying from 1'562 shillings, in the 
case of the smallest consumers, to *156 shillings or 1’875 pence in the 
case of the largest. Power water for motors running on an average 6 
hours per day is charged at Is. 6d. per 1,000 gallons. 

The following list of costs of buildings and plant of this station, may be* 
of interest : — 

£ 8. d. 

^ Builf^ings, tanks, girders, clflumns, etc. . . 16,835 8 0 

Boilers, jstokers, economisers, elevators, etc. . 4,02§ 0 0 

Engines, pipes, valves, etc 20,614 2 6 

Total . . ! ‘ " i: 41,472 1^ 

In the London installation the water is taken from the riv^r or from 

• ✓ 

' For these particulars the autlior is inSebted to Mr. L. Holme Lewis, tne chief engineer to 
the Corporation Power Supply Department. 
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wells, and\)is it is essential that all deposit should be removed before use, 
it is allowed to stand for some time in storage tanlis. The gveajier part 
of the solid matter is deposited here, and the water is then passed through 
the surface condensers of ^he engines to a series of filters, Jfi which it is 
passed first through a layer of broken sponge 18 inches thick, and* after- 
wards through a bed of charcoal. After leaving the fil/iers it ^is pumped 
into the clean water tank, from which the main pumps derive their 
supply. 

Among other advantages of hydraulic transmission it may be noted that 
power is always immediately available ; that gearing in the machine 
is in general uimecessary, the force being transmitted directly from the 
hydraulic piston ; that perfect regulation is easy ; that when applied 
to the direct working of lifts and of hoists a brake is unnecessary, and 
that so long as the velocity of flow is kept low the transmission losses are 
small— with well designed pipe lines this loss should not exceed 10 lbs. 
per square inch per mile. 

As compared with electric transmission, it has the advantage that 
fire risks dre eliminated, while for slowly moving machinery, inter- 
mediate gearing is largely eliminated. Compared with transmissioii 
by compressed air, it has the advankge that any leakage is easily 
detected, while under suitable conditions the hydraulic transmission 
losses are much the lesser. Each of the three systems of course has 
its own particular sphere of application. For long-distance work the 
necessary cost of, ancf losses Ih the pipe line, would effectively militate 
against tli^ application of hydraulic transmission, and a radius of 15 
miles from the central station would appear to mark the limit of its 
e^ctive use. 

The various losses occur — 

(1) At the power station —roughly about 15 per cent. ; 

(2) 'In transmission— about 5 per cent. ; 

(3) In use— about 8 per cent. ; 

leaving a percentage to be utilized of afe mt 72 per cent. * 

The last two items, however, vary considerably with^ the type of 
machinery, ‘ and the energy utilized may vary from 80 to 95 per cent,| 
the latter percentager being obtained with such machines direct acting- 
coal shoots, where the load, during its descent, may be made to pump 
pressure water back into the mains. ' ' ' 

“LosBes.-<-The losses at ttfe power station are those incidental to the use 
of reciprocating pumpa and accumulatoi^, and &e considered in detail in 
'that .connection. 
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Tmnmisawn Losaea* 

• • 

Let p *= pressure at pipe inlet in lbs. per square inch. 

„ d = pipe diameter (supposed uniform) in feet. 

„ » = „ area in square feet.* 

„ I = length (^f pipe in feet. 

,, V =: Velocity of flow in feet per second. 

144 11 

Then the energy at entrance, per lb. = - - = 2*31 p ft. lbs. 

. ’ . Energy entering pipe per second z= J[ = 2*31 p x 62*4 a v. 

= 144 p av foof lbs. 

= *202 p a V H.P.^ 
flr^ 


2 (f HI 

02*4 a i 


Again the loss of energy in friction per lb. 

f 1 7*2 

loss of energy per second = = X -gr.o 

Substituting for v in terms of JT we get— 

02*4 a fl f TT 


foot lbs. 
■ H.P. 


ad putting 


ir — ’ '' J _ ^ ‘ I TT p 

^ 2 (j m X 550 I *202 pa) 

m = - ; = 32*2 this becomes— 


■4 




( 1 ) 


1 - 


( 2 ) 

(3) 


The energy delivered per second- f7 

= 7/-7/, = 77jl--635/f-^,l 
. * . Efficiency of transmission 
_ U 
11 

Differentiating U with respect to if, and equating the result to zero, 
1 % get the oondiilion that the m aximum horse power may be trans- 
aftted. * 

Expressed algebraically this gives — 

“ ‘ _1 ’ 


H = -725 . (4) 

• • , 

1 If p lbs. per square inch we thuf get the approximate rule that two gallons of 

mter per minute is equivalent to one horse power. 


or 
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from whfeh, by substitution in equation (2), we haye the energy delivered 
through the pipe, or U = *483 H.P* 




ot h = head in feet at entrance to pipe. 

Substituting the value of II from (4) in equation (3), we see that under 
circumstances of maximum transmission, the efficiency is f, and that J o{ 
the energy entering the pipe is absorbed in overcoming friction. On the 
other hand it ia evident that maximum efficiency is obtained when H is 
as small, and p and d as large as practicable. 

The point at which it ceases to pay to still further increase the diameter 
of the pipe line for a given horse power, depends on the relative cost per 
yard of the pipe line, including excavation, jointing and laying, and of 
the power production per horse power.' In general, however, a size of 
pipe which allows of a pressure drop of about 10 lbs. per square inch per 
mile will ^he found to give most economical results in practice. In modern 
practice the largest pipes are about 6 inches diameter, the pipe Ijnes 
being duplicated for large powers. 


Example. 

Let J/rrlOOlI.R 
„ p = 750 lbs. peyquare inch. 

Assume / = ’006 (this varies with the diameter, velocity of flow, and 
condition of pipe). 

Then allowing for a drop of 10 lbs. per mile we have 


Efficiency of transmission = 1 — 


10 I 
750 ‘ 5,280 


__ *685 / 1 IP 

““ ^ * 

•635 X -006 X 5,il80 X 10,000 X ^/50 
750 X 750 X 750 X 10 


= -0358 feet, 

.% d = *514 feet = 6*17 inches. 


The loss per mile Hj = — x 100 = 1*38 H.P. 


^ See Proceedings In^tituto Mechanical Engineers,” 1895, p. 353 ; also Snpineir^k^ 
May 22nd and June 5th, T891. 
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The efficiepcy of transini§8ion is then given by 


jength^of pipe^*,n miles 

1 

1 

2 

6 

10 

Efficiency cf transmission . 

•987 

•973 

•933 

•867 


_ U.l\ X 650 , 

“ i44 p X a '*■ , 

_ 55,0 00 X 4 . 

■“ 750 X V X 144 X -2642 
= 2'45 feet per second. 

Jf p = 1,120, then for the same fall in pressure per mile we have, for 
L00H.P.;— 

d = 'ISTT feet = 5'25 inches 
while V — 2"27 feet per second. 

The following table then gives the efficiency for various lengths of pipe 
ine : — 


Length in miles . 

1 

2 j 

5 

10 

20 

Efficiency . 

•991 

•982 

• 

•955 

•911 

• '1 

•821 

1 


The velocity of flow through the pipe should not exceed 4 feet per ^ 
second, velocities ranging from 2-5 to 4-0 feet per second being usual. 

While an increase in the work-^ pressure increases l^ie efficiency of ; 
transmission, it also necessitates an increase in the thickness of the pipe 
walls, which coimterbalanees the advantages of the reduced internal 
diameter.' ^Uso the difficulty of preventing leakage at joints increases 
with the pressitre, so that in practice it has not been found advisable to 

adopt pressures much in excess of 1,100 lbs. per square inqji. 

in Use.— These are due partly toTrfcticJn, buf, in the majonty of 
hydraulic machines, mor§ particularly to shock at sudden changes of 
section in valve boxes and supply ports afid pipqs, and to the necessity in 
many machines .for filling the inlet passages with pressure wat?r before 
the commencement of each worJing stroke. Thb latter loss may be 
prevented by having separate inlet an(i outlet paseages to the working ^ 
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cylinder, while to prevent the former losses becoming excessive all working 
velocities must be kept low. 

A further loss of energy occurs in some such machines as presses and 
riveters, where the maximum force which the plunger cf.n exert is only 
needed for a short portion of its stroke, but where the expenditure of 
energy is the same as if this were needed for the whoie stroke. Also, in 
the case of a hydraulic crane, if only one lifting cylinder is provided 
without any special regulating device, the^ expenditure of energy is the 
same whatever load, up to the maximum capacity of the crane, be lifted. 
Certain devices, which have been invented to overcome this difficulty will 
be considered later. 


Art. 198. — Accumulators. 


Since the delivery from a reciprocating pump is not uniform and since 
it is necessary to have some reserve of energy to meet a sudden or 
abnormal demand, some means of storing pressure energy is a necessary 
adjunct to the hydraulic power station. 

With the high pressures in common use the elevated storage tank'is out 
of the question and the accumulator, devised by Sir W. G. Armstrong, 
takes its place. 

Pressure water from the pumps, then, is not led directly into the 
supply mains, but first into an accumulator from which it is taken to 
feed the pipe line. 

Stripped of unessentials, accumulator consists of a vertical cylinder 
fitted with a weighted ram, the weight and area of this being adjusted so 
as to give the required pressure in the mains. 

Thus, if .4 = area of ram in square inches, 

W = weight of ram in lbs., 
we have p A = W, 

The energy storage capacity of the accumulator is evidently simply 
equal to the potential energy of the lifted ram and weight, and if L is the 
length of its travel in feet, is given by V; W foot lbs. 

From another point of view, the storage capacity is given by 


, 2-3 p X 


62-4 X AL 
144 


= p A L, 


by the pressure energy in the volume of water stored in the cylinder, 
and since p A = Wf this leads to the same result as before. 


Exampi^. 

Letp = 1,120 Ibp. per square fnch, L = 23 feet, ^ = tt x 9® = 81ir. . 
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Storage capacity = 1,120 X 81 tt = 23 foot lbs. 
= 6,554,000 foot lbs. 


6.554,000 
38,000 X 60 


= 3*31 licrse power hours. 


The accumulator is therefore capable of giving out energy at the rate of 
3*31 H.P. fcr oneliour, or 39*7 II.P. for five minutes. 

From this example it is evident that the storage capacity is not large 
and that the main function of an accumulator is not so much to store 
energy, in the sense that an electric accumulator stores it. as to permit of 
momentary fluctuations in the rates of 
supply and demand, or in other words, 
to act as a flywheel does to a steam or 
gas engine. It also serves to regulate 
the delivery pressure, and is usually 
made to control the motive power auto- 
matically. Its efficiency is high, up to 
98 per cent, of the energy expended 
in charging being returned during 
delivery. 

In its most common form, the ac- 
cumulator consists of a vertical cylinder, 
fitted with a ram carrying a platform 
which is weighted with some heavy 
material, usually pig iron or iron slag.^ 

Fig. 344 shows this type, the weight 
here being carried in a wrought iron 
cistern suspended from the ram platform. 

Inlet and outlet passages are provided 
in the base of the cylinder, and en air valve is fitted iij the top* of the 
cylinder for convenience in first filling. The ram is guided in its travel 
by a framework^ not shown in the figure. If the pumps are delivering 





Fia. 344. — Accumulator. 


1 The following table shows the approximate volume occupied per ton of weighting 
material : — * 


: • •— 

• 

Substance. 

Cubic Feet per Ton. 

Pig iron or wrougnt iron scrap . 

• 6-25 

Broken stone 

17-2 

Clay or earth ^ ' 

iSo 

Bricks 

1 

22-2 
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more wate^than the motors require the ram rises, and on reaching 
the upper limit of its travel moves a stop which, by suitable link 
connection, causes steam to be shut off from the pumping engines. 
When the ram falls steam is again admitted to the engines/fand so on. 

Various modifications of this 



type have been#adopted, the ram 
in some cases being inverted, 
lixed and fitted with suitable 
inlet and outlet orifices, and 
the loaded cylinder moving 
vertically. 

The differential accumulator 
of Mr. Tweddoll may also be 
noted. As indicated in the 
sketch (Fig. 845), this consists 
of a fixed ram of area sur- 
rounded over the lower portion 
of its length by a closely fitting 
bush of area a. 

This bush terminates below 
the inlet and outlet holes. The 
ram passes through both ends 
of the storage cylinder, through 
glands of area (/I + a) and A, 
and the effective cylinder area 
exposed to upward pressure 
is a. 

Thus p a = Wj and by 
making the bush of small 
thickness, a very large pres- 


sure may be maintained by a comparatively small weight. 

h 


Example. 


If the ram diameter = 6 inches and the bush is J inch thick, we have 
a = 4*91 square inches. 

.*. If p = 1,120 lbs. per square inch, 

W-pa^ 1,120 X 4-91 = ^,500 lbs. 

^ Since the storage of energy is only small, this type of accumulator is 
more suitable for use with single machines of the riveter type. 

*Oh board ship, and especially for naval purposes, the use of hy4rauj|^ 
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f . 

machinery for training tl^e heavy guns, rotating turrets, etc*!, is very 
general,* but here, for obvious reasons, the accumulator loaded with a mass 
of pig'iron weighing many tons is quite inadiri;‘:.lble. 

In ijs place^he steani accumulator (Fig. B4()) is used. This consists of 
i steam cylinder fitted with a piston and its piston rod or ram, which 
takes the ^ace of* the weight-loaded ram of the ordinary typo. Steam 



from the boilo'*^ is admitted to the upper side of the piston, fiiet passing 
through a leducing valve which ensures a constant presswe, and with a 
given steam pressure i^, a suitable adjusfm&t of the areas and A of 
the steam piston and ran^ will enable any required hydraulic pressure, 

p = P lbs. per square inch, to be maintained. The steam ^pply to 

the pumping engines is taken throifgh the steam cylinder, and the accumu- 
lator piston automatically cuts off this supply on reaching a given height, 

H.A. 3 A 
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and thus stops pumping until the ram descends. The steam port ia 
usually designed so that steam may be cut off gradually and the speed of 
the pumps gradually reduced as the piston approaches the upper limit of 
its travel. 

A drain pipe is arranged to carry away any water or steam leaking past 
the piston. The storage capacity k P A, L foot lbs. /and this type has 
the advantage that the l am may be placed either liorizontally or vertically. 

Effect of Accumulator on Working Pressure in Motor Cylinder.— If the 
motor, piston-area a square inches, derives its supply from the accumu^ 
lator cylinder Lalone, then if A square inches = area of ram; a = 
acceleration of motor piston ; a' = acceleration of ram, we havo a' = 


The force necessary to produce this acceleration is given by 


,, ir , W a ,, 

= — a' = - - . . a, lbs. 


Eqi)j valent pressure in lbs. per square inch on ram “ ^ 


Pressure at entrance to delivery pipe : 
square inch. 


lbs. per 


If a, =^iy'ea of this pipe, then = a and if I is its length, we have 
. « 
putting V = velocity of pirffon 

Pressure on piston 

j 1 JL a 1 ~ 

^ i (J A ) 144/7 a, ^ 144’ m 


A 1 144 a, ) 144 ’ a,^’ 

With a steam accumulator this becomes 


lbs. per square inch. 


PA, aafW, 62-4 n 62*4 a« f I v\, . , 

- 1 “ -ylT»+ 144^1 -r4T- 


a fl IE 

and since W is now comparatively small, the term . - jg, which repteJ 
t • 9 ^ 

Bents the effect of the inertia of the rain, becomes negligible. For th|^ 
reason the steam aceumtilator ' is not subject to the shocks and.jafs ^ 
which the weighted accumulator is subjected in virtue of the great mertk^ 
of its moving parts. ^ 

' To prevent inertia shocks becoming dangerous, a relief valve is 
times placed on the o^ltlet pipe, this bding set to blow off at 10 per ij^i^ 
ahoye normal pressure. The lo^s due to the leakage which this 
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tates may be avoided by fchp provision, in the place of the reliel valve, of 
a sprin^loaded plunger, in which case the kinetic energy of the moving 
ram expended in compressing the spring. 

Its ^ertia however, an advantage in some cases, as, for example, 
where fitted to a hydraulic riveter or similar machine. Here the inertia 
is utilized t« increase the pressure at the end of the stroke, the final and 
sudden impact thus produced causing the rivet to fill up its hole effectively. 

Fig. 846a. shows a spring loaded plunger with relief valve arranged to 
open when the rise in pressure exceeds a certain limit. The necessary 
dimensions of this may be calculated when the size of accumulator and 
circumstances involved in its use 
are known. If, for example, the 
weight of accumulator ram and 
load is 160 tons ; the maximum 
velocity of fall 10 ft. per minute 
= *166 ft. per second ; the dia- 
meter of ram 9 inches ; the normal 
working pressure 2*5 tons per 
ffi(piare inch ; the energy of the 
‘jelling weight to be absorbed by 
the spring loaded plunger with a 
10 per cent increase in pressure. 

Kinetic energy of falling weight 
_ 160 
86 


= *069 ft. tons. 



Front A>'eumuf§tci^ 


Fig. 346a. 


7b Motor 

X 64-4 

To absorb this amount of energy 
tb^ ram must fall through a further distance x feet, against the excese 
resistance duo to this increase in pressure, and as the mean excess 
resistance is 5 per cent, of 2*5 tons uer square inch we haye 

•126 X 81 ^ X a; = -069 
4 

^ X = *0087 = *104 inches. 

, * , vol. of water displaced while coming to rest 

= -104 X ” = 6-61 cub. in. 

• ^ • 

Making the plunger of the valve 2 incheS dfameter, the spring would 

6*61 

require to be so desigrr d as to alloy of a displacement of - — 

* t 

2*1 inches upder an yicrease of pressure from 2*6 to 2*75 tons pei 
square inch. With any greater •displacement thb under side of the 
plunger would engage with and would lift the small escape valve V. 

8 1 2 
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Art. 194.— The Hydraulic Intensifier, 

Where the main pressijre supply is of less intensity than is required to 
work the hydraulic machinery an intensitier is used. Jn its simplest 
form, this consists of a ram of area a, carrying a* piston of larger area A 
(Fig. 847). Water from the pressure mains, at pressure p,^s admitted 

behind the piston and com- 
presses the water in the ram 
cylinder to an increased pres- 

sure P where P = p — . 

* n 


Example. 

fp = 40 lbs. per square inch, 
j Piston diameter = 48 inches. 
*Ram diameter = 8 inches. 

— = 36. - 

P = 40 X 36 = 1,440 lbs. 
per square inch. 

This neglects the friction of 
the packings, and also the 
weight of the ram and piston. 
Including these we have 
p A -- (w F) = P a 

P—p — lbs. 

a a I 

per square inch. Where w = 
weight of ram and piston in 
lbs. F= frictional resistance 
in lbs. 

If on the down stroke communication be made between thq under 
of the piston and the upper side of the ram, the pressure p' below the 
piston hecomeg 

p' = - — — lbs. per square inch. 

Jx ■“ d 

Variovs modifications 6f this* type of intensifier are in use, one of these 
being illustrated in Fig. 348. Here low pr«^ssure water is^admitfedf^ 
jibove the hollow ram A, while the intensified water is led away thretfgh" 
"^the small stationary ram of areata. 




INTEifStFIEES 


Inttt trom Supply 
Mams 


If w is the weight of the outer ram, we now have 

• p = p ^ 4 . - - lbs. per square inch. 

With a single intensifier the supply of high pressure water cannot he 
made continuous, and delivery only takes place on the in stroke. At the 
end of this^stroke ^ater is admitted to the ram cylinder from the supply 
mains, whfle the water below the piston is allowed to escape. This type 
of intensifier is often fitted to testing 
machines deriving their pressure 
supply from towns’ mains at a com- 
paratively low pressure. 

Where a continuous supply of high 
pressure water is required, this may 
be obtained by using two intensifiers 
placed side by side, each automatic- 
ally working the valves of the other. 

When applied to the working of a 
hydraulic press, the water escaping 
frotoi beneath the piston during the 
down stroke may be utilised to bring 
the press platform up to its work, 
and to perform the first part of the 
compression.^ 

Aet. 195.— Fbiction of Leathee 
Collars for Eams. 


stationary 

Cylinder 


Pressure dfater 


Fig. 348,— Hj drauliOi Pressure Intensifier. 


• One or other of the types of packing stationary 
illustrated in Fig. 349 is commonly 
used for hydraulic rams or plung^^rs. Fig. 348.— Hydraulics Pressure Intensifier. 
The material used is leather, and, 

since the pressure of the water itself forces the packing against the ram, 
this pressure, aifd the friction produced, become proportional to the pres- 
sure intensify of the water. A very complete series of experiments carried 
eat by Mi. John Hicks on rams J inch, 4 inches, and 8 Riches diameter, 
and with pressures up to 6,400 lbs. per ^uHrelnch, fndicate that — 

( 1 ) For pressures above 400 lbs. per square inch, friction is directly pro- 
portional to pressure intensity. 

1 For further details of v^vc arranjements, etc., the reftder may refer to Blaifie’s 
“ Hydraulic Maehinery,” p. 345. 
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(2) For lams ol different diameters exposed to the same pressure inten- 
sity, the friction in lbs. is directly proportional to the dialmetpr, and 

therefore to the square root of 
the gross load. / 

(3) The depth of„ the 'collar 
does not a^^ect tl^e friction. 
In several of the experiments 
the depth was reduced from 
J inch to I inch without any 
appreciable effect on the fric- 
tion. 

The following approximate 
formulae were deduced from 
the results of these experi- 
ments : 

Friction in lbs. = (7 X dia- 
meter in inches X pressure in 
( lbs. per square inch. 

(0 = *0471 for new or badly lubricated collars, ‘ 

where I ^ in good condition and well lubricated. 

The annexed table gives the frictional resistance expressed as a per- 
centage of the total pressure on the piston, for rams from 2 inches to 20 
inches 4iameter and for pressures exceeding 400 lbs. per square inch : 



Fig. 349.— Leather Collars for Jlytlraulic Rams and 
Pistons. 


»t 

Diameter in incrtds 

R 

2 1 

1 

1 'i 

\ _J 

4 


6 

7 

8 

10 I 

1‘2 

M 

10 

18 1 

20 

^ifriction, % of total I 
«t 4 . 79 » 8 ure.on ram. 

1 Well lubricated 

2-00 

I 83 

rwi 

•60 

Mid 

•57 

•50 

•40 

•33 

28 

•25 

•22 

•20 

1 New or badly 
\ lubricated . 

3-(X) 

2-00 

1-50 

1-20 

'00 

■85 

•75 

•00 

50 

j -42 

•37 

■33 

•30 


For lower pressures, the formulae 

F (lbs.) = pd{ -0467 -i' -0000139 p } '■ ... . ' 

gives moreraccurate results, the coefficients here applying to leathers in 

good condition and well lubricated. , ■ 

Where the loading is ‘ecdentric, as is often the case in hydraum 
jacks, etc., these values may however be increased by as much' as 

.100 per cent. o * ' ; ■ ' 

Recent' experiments by Prof. Martens, of Jgerlin,^ op the jackinjgB, 

, * • c 

Mechanical Unqineer^ Sept. 7th, 1907. 
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fitted to the rams of 5 testing machines showed the|following friction 
losses : 


^Pressure (Atmospheres). 

Per cent. T ^ s per Packing. 

50 

2-5 

100 

1-8 - 3-0 

200 

1*0 - IT) 


Experiments by S. L. Davis' on a 5 inch testing machini ram carrying 
a U leather at its lower end and working in a copper lined cylinder 
showed that after a fair amount of service the friction, with increasing 
loads, varied irregularly from about 5 per cent to zero, with a mean value 
of 1*3 per cent., the pressure meanwhile increasing from 500 to 4,500 lbs. 
per square inch. With diminishing loads the friction had a maximum 
value of 3*6 per cent, at the lowest pressure, with a mean value of ’2 per 
cent, over the whole range. 

For satisfactory working the U leather should have a ring*of metal or 
other material inserted between the flaps, and should as far as possible 
(/have a metal backing over its curved portion. 

. Experience shows that a narrow fitting strip— not above J inch wide — 
is preferable to one which is wider, since, owing to the reduced tendency 
to bending at the bottom of the U with a shallow collar, theTeatl^er is not 
BO liable to crack. 

Hemp packing is also used to a limited extent fgr hydraulic glands. 
Here the percentage loss in friction decreases with an increasing load, 
J^ut since the pacldng must be tightened so as to prevent leakage at the 
highest pressures to which it may be subjected, the loss at low pressu: U; 
ds probably three to four times tha.t of a leather collar. 

Aut. 196.— Water Meters. 

, It is usually fmportant that the volume of water supplied for domestic 
or power pu”poses should be accurately measured, and various^meters have 
been deviled for this purpose. 

These may be divided into the fdllo^iiTg clasSes : — 

(1) Low pressure meters. 

(2) Inferential meters. 

(3) Po^tive metgrs. 

1 Engineering. Feb. lltli, 1909, p. 167. 
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(4) ^ Meter| for waste detection. 

(5) Venturi meters. 

(1) This type suffers from the disadvantage that all the pressure h^ad of 
the supply is lost, and tlmt when used for domestic supply y-' must there- 
fore be placed at the top of the building. It is, however, well fitted for 
the measurement of small flows. The ** Parkinson” meter, which is of 
this type, is illustrated in Fig. 850, and has given excellenf<* results in 
measuring the power water delivered by the City of London Hydraulic 
Supply Company. In this case the meter is applied to measuring the 





i r 


Outlet " Outlet 

Fig. 350. — “Parkinson’s” Low Pro-ssure Waicr Meter. 

»• 

eSI&ust' water from the various machines. Here water from the inlet pipe 
’IS m^int;fl,ine(l at a uniform level in the inlet chamber by means of a float 


and valve V. This valve is constructed as shown so as to be balanced 


whatever the pressure in the supply pipe. On leaving t^is chamber by 
the pipe P, the water flows into the annular space S formed in tht drum D,* 
This drum i^ hollow and contains four compartments formed by oblique 
’ radiating plates P, which overlap each other to the extent of about 90\-. 
Bach compartment opens at its inner periphery into the space S, and iii|' 
tu|’n receives a supply of water. The centre of gravity of the water, in the 
compartment being, on accaunt ol its position, to one side of the axis of 
*^eidrum, this produces a rotation about the ai^'s and bwngs t^e next 
compartment into communication witli the space S. At the 89 .mie 
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time the outlet 0, from the first compartment, j^hich on the 
oppositjB side of the drum to #9, is brought by the rotation below 
the water level in the compartment, and discharges the water into the 
trough T in vhich the drum rotates, and f rv>i.i which it flows away to 
the discharge pipe. The height of the trough may be adjusted as 
required, and as ^the volume discharged per revolution depends on the 
depth of iSie immersion of the drum, this enables the discharge per 
revolution to be adjusted. The number of revolutions of the drum, and 
hence the volume passing the meter, may then be recorded on a suitably 
engraved dial. 

When used for domestic supply purposes, discharge ta’^es place into a 
cistern from which the w'ater is led over the building. An inlet valve on 



the supply pipe — not shown in the sketch — is then opened by a ball valve 
wlien the water level in this cistern is lowered. 

Another meter of this general type Is shown in Fig. 350a. The appara- 
,tus consists of two tanks of equal Jlze carried on knife edges at B, * Each 
' tank is fitted at one end with a syphon pipe (7, and at the other with a* 
weight I). The ^iquid to be mepsnred flows through the inlet pipe E 
afeng the inovable guide channel F into whichever tank happens to be 
in operation. " • 

The weights D are so adjusted that unjil Jhe^tanks, are •full up to the 
height marked d, they remain in a horizontal position, but as the weight 
of liquid increases by the continued flow, th*e tanks come into the position 
shown by the dotted line, when the liqui(rflows*tlirougb the syphon pipe. 
After the syphon has bee» started ^and the level of tjie liquid in the tank 
has fallen sufiiciently, the tank tilts back again to its original position, by 
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the influe^ice of [the weight D, the syphon continuing in action until 
the tank is emptied. As each tank assumes the position indicated by the 
dotted lines, it suddenly tilts the guide F over, so that the new liquid to 
be measured falls into the other tank, when the Bame^,>operatibn is 
repeated. It will thus be seen that both tanks are filled automaAtically 
with fresh liquid, while the measured liquid runs away into a reservoir or 
other receptacle as required. V 

The number of times each tank is filled and emptied is registered by 
the indicator H, which is connected with both tanks. When either tank 
is in a horizontal position, the guide F rests on the support J, which is of 

saddle form, so that when the 
tank is in the act of tipping no 
influence is exercised either by 
the weight of the guide or by 
the pressure of the liquid in the 
guide, or by the resistance of ‘ 
the counter. 

(2) The inferential meter 
consists simply of a small tur- 
bine, through which the whole 
supply is passed, whicli drives 
the recording apparatus. The 
water is not actually measured, 
but its volume is inferred from 
the number of revolutions of 
the turbine runner or fan, 
which is the only moving part. 
The meter must be calibrated 
by allowing it to pass a known 
volume of water per minute, and has the advantage of being small, light^ 
*and cheap, and fairly accurate for good speeds of flow. Siijce, however, 
there is a limiting velocity of flow, J)elow which th^ reaction on the ' 
runner vanes is insufficient to overcome the friction of the hoa’rings and 
recording nnechanism, it is unsuitable for recording smaK flows. More- . 
over, the runner tends to keep on rotating for some short time after tl^e ■ 
’ flow of water has ceased, and thus to over-record the flow. Where taps 
are opened and closed frequently, this actioq, unless guarded agaihst, " 
may lead to the flow regfisterecl being largely in excess of that actually ' 
taking place. 

, ; Tylor’s Inferential Meter (h'ig. 351) is of this type. Here water entera 



Section on Line 0 0 

Fig. 351.— Ty lor 8 Inferential Water Meter. 


mmB Aijtebs tsi 

>t A, and surrounds' the inner casing shown in secticji at It then 
finds its way through two ’inclined ports in this casing, and, impinging 
on. thp vanes of the fan F, drives this around with a velocity which 
depends on Ifee flow of water, and which is rot;.)rded on the dial worked 
by its •spindle and worm gear, afterwards escaping through the ports D 
and pipe E, To prevent overrunning, eddy formation is fostered by a 
series of recesses formed around the inside of the inner casing, and by 
baffles above the fan at C. To reduce friction at the lower footstep bearing 
an oil reservoir is provided in the hollow spindle of the fan. 

(3) The Positive Meter consists of a small hydraulic rapine, either of 
the rotary or reciprocating piston type. All the water -to be measured 
passes through the cylinder or cylinders of this engine, and its volume 
is taken as that of the piston displacement. 

The number of revolutions or strokes of the piston being registered 
on a recording apparatus, this is easily arranged to record the volume 
passed. 

The rotary type is common in the United States of America, and, as 
usually made, consists of a casing of gun-metal or vulcanite, in which 
wo»’ks a rotary vulcanite piston. This has no means of compensating for 
wear, and, as thus constructed, is very unreliable for small flows, even when 
new. After being in use for some tin>o the increased leakage past the 
■'jnston renders it still less reliable. 

The Kent “ Uniform ” meter (Fig. 352) is one of the besififf this type, 
and here compensation is made for the effect of wear bf the rotary piston P 
by an adjustable metal tongue S. In this meter water is admitted at A 
and fills the casing around the working chamber B. The vulcanite piston 
P, elliptical in section, rotates and slides freely, but without play, on the 
fixed hub Q, which is itself eccentric with respect to the working chamb^^ 
The piston carries a central pin which describes a circular path as rotation 
takes place, and which actuates thJ recording mechanism! 

The bottom ports at C are in free communication with the chamber B* 
and the action o^the meter is as (p^ows ; — 

• Assumne^ the piston to be in the position shown in dotted lines, water 
is admitted tnihugh these ports and the upper port /.), to the sp?!be between 
the chamBer, the piston, and the tongu^ and t(^ the •interior of the 
hollow piston, thus exerting a pressure between the hub and the inside 
of the inner end of the pston, as well as on the outside of the piston 
from C to S, and driving the latter round in ^ clockwise direction. At 
the end of half a revolutien the other end of the pisjion becomes the driver 
and so on 
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ttim re* fontt ttegfveo 

Fig. 3.‘>2.— “ Kent ’’ Posit ivo Water Meter. 


In the^ meantime water has been filling the space to the left of the ■ 
piston until the positipn shown in fiill^ lines is reached, when lhe»flupplj^ 
is cut off from the space F, this space is put into communication with the ^ 
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discharge port K by way of the lower port E and the follow piston, and 
for thG«reniainiiig half revolution the water in this space and in the outer 
end cff the piston is discharged through 7v, th# whole cycle of operations 


then being repeated. The action 
becomes nfuch more evident if a 
tracing shewing the piston be 
rotated, keeping its correct rela- 
tive position, through a whole 
cycle. This meter is used ex- 
clusively in connection with the 
measurement of pressure water 
from the power station of the 
Manchester Corporation, and 
has given excellent results. For 
such a purpose this type has 
the advantage that in case of a 
breakdown the flow of water is 
not stopped, the wastage of 
water thus entailed being of 
small consequence when com- 
pared with the inconvenience 
caused by a stoppage of the 
power supply. 

Many types of the recipro- 
cating piston meter have been 
made, but space forbids the 
mention of more than one 
example. The Imperial ” 
meter of Mr. Schonheyder (Fig. 
353) consists of three single- 
acting cylinders fitted with a 
§ingle hemisph^ical gun-metal ^ 
distributing valve V bearing on 
a vuleanijp seat S, The upper 
side of each piston is exposed 



to inlet pressure, and according to the position of the valve the lower side 
of each in succession is put into commujiication with the outlet passage. 
The pistons are^thus successively forced down and their contents discharged 
into the outlet. At the same time one or both oS the other cylinders is 


having its piston raised, water being admitted below the piston. 

• « 
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■Metallic Cord to Recording 
Mechanism 


Discharge is th\jn practically continuous and the machine has no dead 
centre, while the smallest flow is registered. The positive type' has*the big 
advantage over the inferential meter that whereas the correct registration of 
the former is unaffected by an increase in the friction of the 'moving parts, 
such an increase in friction Inay seriously affect the speed of the latter 
for a given flow. Its chief drawbacks consist in ita liabili^ty to water 
hammer unless worked at a very low speed, and its consequent large 
dimensions and high first cost. 

(4) One of the best types of meter for the determination of the varying 
flow in a pipe,^|ind hence of leakage, is that of Mr. Deacon (Fig. 354). 
Here the water flows through a conical tube containing an axial rod 
which carries a circular disc T). Any axial movement of this disc is 

resisted by a spring, and is recorded ' 
on the registering apparatus. The 
varying pressure on the disc, pro- 
duced by any variation in the rate 
of flow, may then be registered, and 
by suitably calibrating the recording . 
mechanism the position of the^rod 
may be arranged to indicate the 
flow in gallons per minute. 

(5) The Venturi water meter, in- 
vented by Herschel in 1881, and 
called by him after Venturi because 
of the experimental work of the latter 
on the physical properties of diverg-* 

^ ing tubes, depends in its principles on the truth of Bernoulli’s theoreip. 

' ^ It is at once the simplest, and for large quantities of water the most 
Batisfa 9 tory met^pr yet designed, and simply consists (Fig. 355) of a pipe 
4 )a 6 sing the whole quantity of water to be measured, and fitted with a 
portion J5(7, uniformly converging to a short parallel throat CD, At I) 
4he pipe again diverges to its full dianifeter at E, The sual proportions 
of the meter are indicated in the figure in terms of the .pipe diameter, 
experiments showing that an angle of divergence of 5° 6' gives the l^st 
results in the reconversion ti kinetic to pressure energy from D t<Lfe.' 

‘ If the pipe be horizontal, and if A and a be the areas of main pipe 
throat, then, as shown onp 80, with a perfect iiuid 


Out/it 



Met 


PIg. 954.—" Dc^on ” Meter. 
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Owing to viscosity, the true velocity accompanyiij^ a giten fall of 
pressure — pj is less than this, being given by 



Where a coefficient of velocity which depends slightly on the diameter 

and material of the pipes and on the velocity of flow, increasing with the 
diameter and velocity of 
flow and diminishing as 
the surface roughness 
increases. 

Experiments by Her- 
schel show that c varies 
from ’94 to unity, the 
great majority of tests 
giving values between 
•96 and ‘99. In a 48" 
meter c had the value 
•&95. 

For any meter ^ ^ ) is fixed, the ratio commonly being 9 : 1, so 
that 

V ZaZIZ 

j is constant = L 

Taking-^ = 9, then k =\/|^= -8972. 
a oO 

Then the volume in cubic feetl _ = ckA 

per second through meter I , ^ JF * 

. = c // (1^ 

Here or — K is the difference in pressure at the throat (1) 

and entrqpce (2) expressed as a head in feet of water, ^ and is directly 
measured in the meter. The constants i: a«id Vc being determined for the 
instrument, the volume passing per second may be directly inferred. 

This meter has the advantage of registering;^ at almost any velocity,' the 
permissible raijge of velocities depending on the permissible Idfes of head 
in passing the meter, ^renerally, a maximum velocity of up to sixteen 
times the minimum is permissible. It will register with velocitieb bo low. 
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as *2 foot J)er seS^ncl, and is exceedingly accurate when fitted to large 
mains, but is not suitable without careful calibration for us*e ^iiF small 
pipes below about 2'' diameter, because of the greater proportional effect of 
viscosity in such pipes. It is, moreover, not well adapted fo^ use in^pipes 
where the water is subjected to periodic pulsations, as, for example, in the 
discharge pipe from a reciprocating pump, since this irj likely to set up 
oscillations in the recording mechanism. * 

Prof. C. M. Allen (“Am. Soc. Mech. Engineers,” December 1909), on tests 
of a 2" Venturi used for boiler feed, found a factor “ C ” varying from '935 
at 40 lbs. per sq.^in. to *962 at 200 lbs. With steady flow errors were less 
than 1 per cent . ; with pulsating flow, within 2J per cent. 

For measuring the difference of head hj — //„, a differential gauge 
consisting of a U-tube containing mercury, 
may be used (Fig. 855),^ though where 
small differences of pressure are to be 
measured a preferable device is that shown 
in Fig. 856, where the difference of pres- 
sure head is directly measured in feet of 
\y water. Here compressed air must be sujf- 

nhed to the higher portion of the inverted 
U-tube. 

If the meter tube be not horizontal, and 
if z be the difference in level at the entrance 
^nd throat, so that we have 
JFig. 366. o P-lj. 4- 4- 2 

it is easily shown that equation (1) becomes : — 

Volume per second = c k! — /a„) — z, 

If the connecting tubes be shut off from the main, and connection be 
piade.so that the water may attain a common level in the two tubes, and 
if now the pencil of the recorder be put to zero, the effect ‘is to add z 
automatically to the observed head, affd on cutting oft the connection 
between the tubes and coupling up to the mains, true readings will be 
given on the ordinary record sheet. ^ , 

It should be noted«1ihat the converging portion of the main is the only^ 
part really essential to the meter action. The diverging cone simply 
ensures that the reconversion ofi kinetic into poliential energy shall -taka 

Where a mercury gaugc^is used having the cpnecting {>ipes full of water, it easily- 
shown that the effective gauge reading is less than the appaient in the ratio | rJ -a • 926 .,'^ 
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Fig. 357, — liecoiding Device for Venturi Meter. 


place without undue loss. Where the meffer *18 ^required to measure the 
flow in either direction, the angles of convergence and divergence are 
each made equal to 5° 6'. • 

The Venturi m^eter is often used with a registering device giving an 
automatic record of the velocity hr discharge. One form of such a 
recorder is shown in Fig. 857. Here two float pijjas are connected 
a.A. 3 B 
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respectively to the upstream and throat chambers of the tube. Eacli 
contains a float, and these are connected by means of wire cords to a 
differential gear consisting essentially of three bevel wheels A, B, and C 
of which the motions of the two equal wheels A and C are controlled by 
the floats, while D is carried on an axis attached to a loose sleeve. 
Evidently if the wheels A and C revolve in opposite directions owing to 

the water columns rising or 
falling together, the wheel B 
will simply revolve on its axis. 
Any alteration in the relative 
level, however, causes the wheel 
B and the sleeve on which it is 
mounted to rotate about the 
axis D, and thereby to produce 
a vertical movement of the rack 
E, which gears with a pinion J 
mounted on the outer end of 
the sleeve, and which Carries 
the recording pencil P at ‘its 
upper end. The recorder may 
be arrang(Hl to indicate either 
tlie velocity of flow and there- 
fore the discharge at any 
instant, or the total discharge 
of the meter. In the former 
case the pencil traces out a' 
curve on a sheet carried by^a 
vertical drum driven at a con- 
stant rate by clockwork, this 
paper being ruled with hori-* 
zontal lines the distances of 
FM.858.-lntee»tingM«,hani«n for venturi' (representing - equal in-, 

-1 ‘ crement of velocity) from the 

zero line, are proportional ios/lt. Where it is required to have, ai^ 
automatic record of the discharge as well as a record of the rate 
'of flow, an ingenious integrating device is used. ‘This consists of an^' 
additional drum concentric witii the recording drum and rotated fihiformlyj' 
•Usually once in 10 minutes — by clockwork. oTke surface of , this dru^ 
is in two planes ; one of the full diameter of the drum, and the^otheij.^|; 
reduced diameter forming a recessed surface. The boundary curve ' 




WATEE METEE8 


789 


raised surface is a portion of a parabola. The arraifgement is shown 
diagraftntiatically in Fig. 358. A roller R receives vertical motion from the 
float mechan^m, and is pressed against the t'm by a rocking frame F, 
This frame carries a pinion P which actuates the counter mechanism, 
and which^does, or does not, gear with the teeth of a spur wheel carried 
by the driyin according as the roller is on the recessed or the raised portion 
of its surface. 

Thus when the roller is at the highest point it engages only with the 
raised surface, so that in this position — corresponding to no flow — the 
counter is not actuated. At the lowest' # 

position the roller is entirely upon the 
recessed surface, and the counter is 
actuated continuously. In any inter- 
mediate position the counter revolves 
only while the roller is in contact with 
the recessed surface, so that the fraction 
of the period of revolution of the drums 
during which the counter rotates is pro- 
portional to s/ h. Thus since the velocity 
of flow is also proportional to the 
discharge is summed or integrated, and 
can be read directly from the counter. 

Another type of velocity recorder is 
shown in Fig. 359, while where a com- 
bined velocity and discharge recorder is 
required, a modification of this in which 
a ’cast-iron U, having both legs of the 
same area and containing mercury, may 

be used. These contain iron finalts which carry light* racks gearing 
with pinions^ which convey their motion to corresponding racks placed 
outside the tubeg^ The racks cariy light rods which pass up to the 
recording n^echanism. That connected to the float in the throat chamber 
regulates thu amount of registration by the counter, while the second 
carries the |)encil of the velocity recorder.. 

Examples. 

(1) Determine the H.P. transmitted'^tiirou^ a 6-inch pipe if the 
velocity of flow is 3 feet p«r secon^, and the delivery pressure 1,000 lbs. 
per square inch. 



Answer. 154* H.P. 



T40 


HYJORAULICS AND ITS APPLICATIONS 


(2) If in the preceding question the pressure at the station ys 1,120 lbs. 
per square inch, determine the efficiency of transmission, and all3oJ*taking 
/ = ’01, the length of the^supply pipe line. 

Answer, Efficiency = 89*2 per cent. 

Length = 4*7 miles. 

(8) 100 B.H.P, is required from a hydraulic motor having an efficiency 
of 75 per cent. The motor is two miles from the generating station and 
only a single 6*inch pipe line is available. The pressure at the station 
being 1,120 lbs. per square inch, determine the pressure at the motor, the 
efficiency of transmission, and the velocity of flow. 

Answer. Pressure = 1,088 lbs. per sq. inch. 

Efficiency = 97*0 per cent. 

Veloe% = 2*392 f.s. 

(4) Two branch pipes, respectively 4 inches and 3 inches diameter, are 
supplied from a G-inch pipe. The pressure at the delivery end of the 
4-inch pipe is 700 lbs. per square inch ; that at the end of the 8-inch pipe 
is 710 lbs. per square inch. These pipes are, respectively 500 arid 700 
feet long. The 6-inch pipe is 880 feet long. Take / throughout as being 
= *01 and determine the pressure at the inlet to the latter pipe. 

(5) Determine the maximum H.P. which can be transmitted through a 
4-inch pip^two miles long—/ = *012 — if the inlet pressure = 750 lbs. 
per sqriUre inch. Al^o de^mine the pressure at the outlet, and the 
'velocity of flow when this flower is being transmitted. 

‘ Answer. 56*4 II.P. 

Pressure = 500 lbs. per square inch. 

Velocity = 4*94 feet per second. 

(6) An accumulator has an 18-inch ram and 28 feet lift, and is loaded 
with 1 S 9 tons total weight. Taking fi'iction to account for *25 per cent, of 
the total pressure on the ram, determine the H.P. given into the mains if 
the accumulator falls steadily in three minutes, the pumps delivering 500 
gallons per minute in the meantime. 

' Answer. Total H.P. = 67 + 396 = 468.' 

(7) A steam acchmulaftor'- is** placed horizontally and has a 48-inch' 
steam piston coupled to a 6-inch ram. The steam piston packings, etc.,^ 
exert a frictional force of {100 lbs., while the hj^draulic packings account! 
for 1 per*cent. of the total pressure exerted on the ram. Determine this^ 
pressure if the steam ^>reBSure is 150 lbs. per square inch. 

Answer. .. 9,486 lbs. per square inch. 
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(8) The ram of a differential accumulator is 4 inche^iameter, and the 
surrpiy:idiri^ bush is J inch thick. Determine the accumulator pressure 
if the supported weight is 10 tons, neglecting he effect of friction. 

^ Answer. 8,168 lbs. per square inch. 

(9) The*ktcumulator of the preceding question feeds a riVeter, whose 
ram, at tly end of its working stroke, suffers a retardation of 5 feet per 
second per second. The riveter ram is 5 inches diameter. Determine 
the pressure on the rivet head at the end of the stroke. 

Answer. 82*1 tons. 
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Hydraulic Appliances— Lifts and Hoists— The Hydraulic .li'^ger— Cranes— Coaf Tips— Crane 
Valves— The Hydraulic Jack— Press— Forging I’ress— Riveters— Lock Gate Machinery- 
Sluice Gates— Capstans— Hydraulic Transmission' Gear— The Hydraulic Brake— The 
Hydraulic Dynamometer. 

IIYDR/tULIC APPLIANCES. 

Art. 197.— Hydraulic Lifts and Hoists. 

Probably in the aggregate more power is used by lifts and hoists than 
by any other class of hydraulic machinery, and for such work as this, 
hydraulic transmission is particularly suitable. 

Several types of lift are in use, these consisting of modifications of the 
simple direct-acting or of the suspended type. The former consists of a 
hydraulic cylinder sunk vertically in the ground; of length slightly 
greater than the maximum travel of the lift ; and fitted with a ram which 
carries the lift cage as shown in Fig. 860.^ 

Pressure water is admitted below the ram, and thus raises the cage. 
It follows thSt the ram, considered as a loaded column, must be of suffi- 
ciently large sectional area^ support the weight without buckling, and 
this prereij^ts the u§ie of very high pressures in the ram cylinder. ’ 


Example. 


**'’if the gross weight to be lifted 
„ A pressure in cylinder 
« „ lift travel 

We have the area necessary to ) 

, raise the weight ) 

Ean^ diameter 


= 7§0 lbs. per square inch. 
= 80 feet. 

4,480 . . ‘ 

= = 6 square iQches. 

= 2 j inches. 


a diameter wh\ch is obviously too small for a column 80 f(^t, longs i 


support 2 tons withdut buckliUgf ' * , • 

Actually, however, the area of the ram would need to be greater 
ihis in order to overcome friction and to give t*he necessary acdeleratioiy'^ 
' ajt starting. 


h By kind permission *bf the makers. 
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^ • 

Thus, if a = acceleration of ram and cage in feet per^^condiper second 
we have. • 

^’orce necessary to produce ) _ 2 X 2,240 
diis acceleration f ^'7/ ^ 



Fig. 360. -Direct- Acting ftycfraulic Hoist. 


And ii F = force in H'f. necessary to^ overcome frictioD of ram we have 
.4.480 {i + |-| +i.’ 

750 


area of ram 
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« 

Thus if f = 2 f^et per second per second, while F = 10 per cent, oi 

the total force on ram, we have ' 

. 4,480 f ^ \ -i.-t 

area of ram « = 1 1^*6 } 11 

, 4,480 ^ , 

= 117 X = 7 square incheft. 

In practice it is usual to make allowance for friction and adceleration 



by making* calculations for a load about 25 per cent, in excess of the 
nominal. ^ t i * , ^ 

If the area of the ram be increased, the working pressure must 
reduced to suit, and for this purpose some form of pressure reducer- 
effect a reversed intensifier — is used. Also, since the weight of ram- and 
cage forms a large praportion of the wfeole load ‘co be lifted, thi\ must be 1 
balanced for efficient working. 


5-r' 
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Since the volume of water displaced by the ram d^inish^ as the lift 


rises^tl^,e effective weight of the ram, which is its own weight less that of 
the.water displaced, increases. In lifts for ^arg« powers the effect o^ this 


variation il in general unimportant, 
and*bec(jq^e8 of less importance as the 
working j)ressur| increases. 

• * Example. 

Pressure = 250 lbs. per square inch. 

TV = 5 tons. 

Lift = 00 ft. 


From Pressure Suppfy 


Area of ram = 


^ 2,210 

2.50 


44*8 wjuare inches. 


.*. Difference in 
apparent weight of 
ram at top and 
bottom of its si roke 


W^eight of a column of 
water 60 feet long and 
44-8 square inches sec- 
tional area, 

80 X 14-8 
144 


X 02*4 


1,104 lbs. 

It working ])ressui'c ■ ,500 Ihs. per square inch, 
the area of rain — 22*4 a(]uare inches and its dif- 
ference of weight - f)83 lbs., a value which is 
small in comparison with the weight of five tons. 


Various devices have been adopted to 
overcome these difficulties. 

The weight of the ram and cage may 
be balanced by a counterbalance weight 
attached to the cage by chains passing 
over a series of pulleys at the top of 
the lift shaft, and since, as the lift rises, 
'the length of chain on the balance- 
weight side of the pulleys incieases. 



this may be made to counterb<uant*e the increasing effe(!tivo weight of the 
ram by niaking the chain of such dimensions that its weight per foot riin 
is half that per foot run of th^ column of water displaced by the ram. 
’This ruethod suffers from the disadvantage that the upper part of the 
ram is in tension, and a fracture would cause the cage k) be dashed 
against Ihe toj) of the shaft. It thus detracts from the' otherwise essen- 
tially safety features of this type of lift, and also increases the mass to be 
accelerated at the beginning of the travel. 

A second device, which is more common i>i high-class work, is that of 
the balance cylinder, o«e type of whicli is illusti^ated in Fig. 3C1. Here 
pressure water is admitted to the interior of the hollow ram H. The 
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cylinder D^is in of^mmunication with an auxiliary low pressure supply, 
through the pipe and a downward pressure on the annulus at E is 
thus produced, which, together with the weight of this ram, produces a 

pressure in ther cylinder F 
sufficiently great to baiiance 
any required proportion of 
tlie weight^ of thfir lift ram 
and cage. The total pressure 
transmitted to the water in 
the cylinder F is then the 
sum of the weight of the ram 
B and of the pressures on E 
and on ram the former 
performing tlm balancing, and 
the latter lifting the load. 

A suitable area of lift ram 
l)eing assigned, the external 
diameter of i? is calculated so 
as to give the required inten- 
sity of pressure in the cylinder 

F. The lift cylinder is sup- 
plied from F through the pipe 

G, On the down stroke of 
the lift, the ram B rises, the 
balance water is returned to 
its own supply tank, and the 
only water rejected is that 
originally filling the high-* 
pressure ram B, In a lift of 
this type mentioned by Mr. 
Ellington, the lift ram was 

inches diameter, the lift 
carrying 7 cwl's. with & 70 feet* 
rise. The voluihe of pressure 
Fig. 863»~Susgendcd Hoist, ^ Water at 700 Ibs. par squatre 

, * ’ inch was 10^ gallons peririp, 

^ against 43 gallons when working direct-acting^and without the balahoe 
cylinder. ^ r * ^ ^ 

tt will be observed that as the balance ram fails, ihe piessur^ on tM 
Innulus E increases, due to the increasing head to which it is subjectadi 
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and this to a certain extent counterbalances the di^?:ence in effective 
weight of. the lift ram. 

A, second type of balance cylinder, which has the advantage that all 
packings a rtf external, is illustrated in Fig. 86i. Here pressure water is 
admitted the hollow ram A to the movable cylinder H, and forces 

water at a reducedj)ressure out of the fixed cylinder C into the lift cylinder. 
The cylinder B is weighted, this weight being proportioned so as to pro- 
duce a pressure in C sufficient to'approximately balance the weight of the 
lift ram and cage. No attempt is made to allow for the varying effective 
weight of the lift ram. Sufficient of the weight is Lit imbalanced to 
cause the lift to descend with sufficient rapidity on^ihe down stroke 
even with an empty cage. A lift of this typo, to lift 20 cwt. through a 
distance of 90 feet, carries a six-inch ram and uses 24 J gallons of water 
at 700 lbs. pressure per trip, as against 109 gallons without balance 
cylinder. With the direct-acting or ram-supported lift, hoisting speeds 
up to 180 feet per minute are common, 240 feet per minute being about 
the maximum. 

The second type of lift— the suspension type- is manipniated from a 
hydraulic ram having a comparatively short stroke. The requisite travel 
in the wire rope or ropes hy which the cage is suspended, is obtained by 
multiplying this by means of a jiggei. 

The weight of the cage may be balanced by hanging weights, the vary- 
ing immersion of the ram in this case being unimportant. A^hoist on 
this principle, but with unbalanced cage, is showfi in Fig. 363, while a 
balanced lift is shown in Fig. 364. Here two wire |opes are employed 
for lifting and two for carrying weights which partly counterbalance the 
cage. As the cage of a suspended lift rises, a portion of the weight of the 
suspending rope is transferred to the plunger side of the supporting 
pulley, and the effective weight transferred to the plunger consequently 
varies throughout the whole of*its stroke. Fig. 365* shows 5ne, and 
Fig. 366 a second method of compensating for this rope variation. In 
the former a doj^ble-balance chcli* is suspended from the cage as shown, 
So that if be the travel oi the cage, the length of each chain is H -4- 2- 
Let m be t^e multiplying factor for the jigger; W th^ weight oi 
unbalancSd poytion of cage; w the w^g^Jt qf the, suspending cable pei 
foot run ; tv' the weight of each balance chain per foot run. 

Then with cage at boltem, the pull op j)lunger :=^m{W w R) 

„ „ „ top, „ „ =m{W+w',R}-wli 

And for these to be equal, tv' — w ( 1 + —1 • ’ 
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In the second method, the lower side of 
the plunger is in free communidlatiop with 
an open standpipe of height h feet contain- 
ing water. Let d and D be thfi diameter of 
standpipe and of plunger, .in feet. \hen 
R 

if h = — . the difference «f upward 
pressure on the plunger at the top and 
bottom of its stroke is 62*4 - v - (h+ 
lbs. 

For this difference of pressure to counter- 
balance the difference in the effective weight 

of cable, Le., wR (1 -f — ), we must have 
in 


w 




62-4 


4 




, _ (4ir (m + 1) 1 

■' | 62-4V// 


while 


tl = 


^ 4 w {m + i j 
1^4 


1 


^ The suspeiisieii system has certain advan- 
tages in virtue of the cheapness of construc- 
tion of the shorter ram and cylinder, and 
does not necessitate the provision of a deep 
well below the lift shaft to contain the 
cylinder, ^hich may be fixed horizontally if 
required. Its drawbacks are due lo the 
inefficiency of the multiplying jigger, and to 
^ the serious* effects which ^ay follow th^ 
rupture of a wire rope. If carefully designed, 
and frequently examined, the letter cpn- 
• tifig(?ncy should, however, be very remote, 
p’lo. 364 . — Multiple Wire Sus- while the provision of adequate safety catches 

. pendecl Lift with. Counter- renders this almost as safe as the 

balance Weights. / . - » . ‘ - 

* direct-anting system. The speed of, hoisting 

may be made as gi*eat us is convenient. For passenger hoisfk this is 
Hsuallv about 2 feet ner second, and for warehouse hoists un to about 
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i feet second. In modern American practice, expr|88 paB8«nger lifts 
ire oiSJ&sionally run at speeds of 8 to 10 feet per second. 



Fih 366 -Elevator witli Cliain CompenBa- ftG.*366?-Hydfeulio Elevator with Water 
tion for Rope Variation. Column Compensation. 

For very heavy lifting, such as is necessary in canal lifts, «tc., where 
loads up to 1,000 tons may be carried on a single >am, the direct-acting is 
the only suitable type. 
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Art. — Efficiency op the Hydraulic Jiggeb» ^ 

The chain, or wire rope, and pulley multiplying gear known as the 
hydraulic jigger which is hsed to multiply the motion of a* short stroke 
hydraulic ram for crane or hoist, as illustrated in Figs. to 866, 
diminishes the mechanical efficiency of the system to a^airly large extent. 

The loss thus introduced increases with the number of multf^Kcations, 
and its magnitude varies so largely with tha size and condition of sheaves, 
bearings, and rope or chain, that no definite law can be expected to cover 
each case even approximately. 

With ordinarj^ well-designed gearing, having large pulleys, small 
bearings, and wire ropes in good condition and well lubricated, the 
efficiency of the jigger may be taken as being approximately given 
by the following formula (H. Adams) — 

ri = *906 — *021 m 

where m is the number of multiplications of the stroke. 

If, then, the friction of packing leathers = 5 per cent, of the total force 
on the ram, 4he efficiency of ram and jigger is equal to 
•95 { *906 ~ *021 m } 

= *86 - *02 m 

This gives the following values of the efficiency : — 


m 

• 

« 

2 

• 


6 

8 

10 

15 

20 

Eff. 

•82 

•78 

*74 

•70 

*66 

•56 

*46 


Art. 199. — Hydraulic Cranes. 

Where high-pressure water is available it provides a most convenient 
means of operating power cranes, and in its safety, adaf>tabilj^y to suit; 
varying conditions, and steadiness of operation, offers many advantages 
over its rivals — gompressed air and electricity. * 

Such cranes are tfeually c^^rtod by hydraulic jigged, the variotA^ 
operations of lifting, racking, and slewing being often performed by 
separate rams and cylinder^ each regulated by its own separate valve. 

' .Where tfie load to be lifted may vary within wi^e limits,, some device i|^ 
tiBuaily adopted to econbmise water at li^ht loads. For small cranes, 

^ a^ut two tons, a differential or Jielescopic ram may be used, the 
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working inside the larger, which itself works in the|pres8unB cylinder. 
For hf hk loads the larger is held stationary by locking gear, the smaller 
ram^hen doing the lifting. For heavy loads the two rams work together 

• - ft « , 

as one. 

Such antarrangement is shown in Fig. 367, lli and 11^ b^ng the two 



Rams for Twf>- Rower Crane. Fio. 368 .— Hydraulic W#ll Crane. 


rams. Under dight loads the ram i ?2 held 4)y miJans of the catches 6% 
and <7a which are actuated by the lever L. 

A second arrangemeur consists of a^kigle i;am d carrying a plunger of 
somewhat larger diameter D. For heavy loads water is admitted only to 
the larger plunger, white for lighter loads both s^des of the plunger are 
put into free communication with the pressure supply. The forces exerted^ 
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in the two ,^ase8 ai^ then in the ratio of D* : — d\ while the volumes 

of water used per stroke are in the same ratio. ' * . » 

For loads much above two tons, two distinct cylinders, each having its 
own valves, pipes, chains, ’and jib-head sleeves, offer many' advantages. 
Thus for a 10-ton crane, one cylinder to lift toiis and a se^wid to lift 
3J tons would be suitable, the two working in conjunction for loads above 
6J tons. ^ * 

In Fig. 368 a simple type of hydraulic wall crane, suitable for a ware- 



Fig. 369.— Self-contained Hydraulic Crane with separate Hacking, Hoisting and 
' Slewing C/jlinders. 


bouse, is illustrated. Here hydraulic power is used for lifting only. The 
jigger may be placed against the wall as shown, or horizfffitally^ if prefer- 
able, and the controlling valve worked from a hand rope' on any floor 
of the building. ' 

In Fig. 869, a typl^ of h)^dfku][ic crane much used in steel works, for 
removing ingots from the soaking pit to the rolling mill, is illustrated.^ 
The crane is self-contained hoisting, lowering, racking in and out, and." 
slowing being performed by hydraulic power. The latter operation is * 


By ki4d permift»iou of the makers. 
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performed by means of chains gearing with a chain T|heel fised on the 
foundc^ion’plate. 

There are two racking cylinders R, with a f 'x-fold multiplying motion, 
one hoisting Cylinder 71, with an eight-fold multiplication, and two slewing 
cylin3ers with a two-fold multiplication, the valves being sq^ placed that 
one man hasdull c^ontrol over the whole crane. 

The iHrftliration shows details fairly well, and is self-explLiiatory. 

For comparatively small powers and lifts these cranes may be direct- 
acting, such an one, suitable for loads up to two tons, and for lifts up to 
about 6 feet, being illustrated in Fig. 370.^ Here tliu lifting hook is 
attached d i rectly to a car- 
riage running along the 
jib, which is itself raised 
and lowered by a direct - 
acting b^^draulic cylin- 
der sliding between the 
cheeks of the mast and 
working upon a hollow 
steel ram forming the 
bottom centre of the 
crane. For smaller 
loads and lifts the lift- 
ing cylinder may itself 
be suspended from the 
travelling carriage, the 
hook being attached to the ram, and pressure water being conveyed to 
t^e cylinder by a walking pipe. 

With the hydraulic crane the speed of the lifting hook may be adjus^jed 
up to about 6 feet per second. ^ ^ , 

Dock Cranes.— Fig. shows the general arrangement of a movablei 
hydraulic luffing crane liaving a lower power of 15 tons and a maximum 
power of, 80 to^iiJ. This crane j-as a lift of 60 feet and the jib has 
sb feet mLximijm and 20 feet minimum rake. ^ 

Fig. 872 shows a type of balanced jib luffing crane,® as built for coaling 
purposes. ^ThOijib has an extended end if) wiiich are attached the counter- 
balance weights and tie rods. The lower ends of the tie rods are attached 
to a travelling crosshead dfetuated by tha xaras ^f the luffing cylinders and 

^ By Mftsars. The IffrUraulie Enf^iueering Co., Ltd., Chester. 

■ Bycourtesy of Messrs. Sir W.*G. Armstrong, Whitworth & Co., Ltd. 

• By courtesy of Mr. Arthur Musker, M.I.C.E, 

H.A. * 3c 





Fig. 371/— 30'ton Hydraulic Lifting Crane. 

ttiBG carry a compendating pulley. The lifting rope or chJtin parses 
over this pulley as shown in the sketch, with the result that when iib* 
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is luffed inwards the hoisting rope is paid out ^o compensate for the rise 
at the point of the jib. suitably adjusting the stroke of tlie luffing^ 
ram and the •inclination of the rffds the level of tSe lifting hook may be 
maintained constant for all* radial positions of the weight. 
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AnT. 200. — Hyduaiilic Coal Tips. 

Fig. 373 shows one of a series of hydraulic coal tips designed toolift a 
waggon of ten tons through a height of 45 feet and to discharge this 
through tl^e shoot S into the hold of a vessel. The lifting cradle C , 
is actuated by four rams, one small and one large one pn each side. The 
smaller rams arc for the purpose of partially balancing the^ weight of 
the cradle, and are in constant communication with the high-pressure 
mains. These four rams are each 45 feiit long, and press against 
a cross girder above the cradle, which travels in vertical guides. The 
cradle is suspended from this cross girder by adjustable bolts, and the 
tipping cradle rests upon the main cradle and is hinged on the end 
nearest the dock. The shore end of the cradle for tipping purposes is 
actuated by means of wire ropes which pass up from the shore end 
of the cradle on either side to near the top of the tip framing, thence 
over sheaves. The bight of the rope is carried over guide pulleys and 
up to the side of the main cradle, where it is passed over a sheave 
attached to <he framing of this cradle. The tipping ropes from each side • 
of the cradle are by this means made out of one rope, and any inequality 
in the stretch of either end of the rope is adjusted by the bight of 
the rope traversing over this sheave upon the tip cradle ; this rope, which 
acts the part of two ropes for the tipping cradle, is free to run round the 
sheavescof the tipping ram and cylinder, as the main cradle lifts or 
lowers,^carrying the tippii^ cradle with it. 

The main cradles are fitted with cross girders above the ordinary 
height of the top of a wagon, and should the tipping cradle be very 
rapidly lifted, these girders act as a stop to prevent the wagon being 
thw)wn off. There are two cranes on each tip, one capable of working 
four tqps and ^the other eight tons. All movements of the various 
^appliances are controlled from the elevated cabin on the side of the tip. 
The point of the shoot can also be lifted or lowered from the Same place. 

The butt of the shoot is lifted or® lowered by me^s of Jhe main 
cradle, upon which there are a pair of sliding dogs, which jnay be pushed* 
out, to engage in the shaft which carries the butt. The latter is 
held, when the proper pesitioii® is obtained, by means dof chains, each, 
attached to one end of the shoot shaft and carried up to the top qt- 
the tip framing, thence ^over .sheaves and h&ck down alongside tk^* 
ipiddle frhme of the tip, where there are suitable cleats arranged 
which these chains ar^f placed, and there secured by bolts. ■ The poiitiof 
’the shoot is moved by means of wire ropes which pass up to th^,,|o^^ 
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Fig. 374. '30-Ton Hydraulic Coal Tip. 


of the fir) apd thence to a crab A^injh ^actuated three-cylinder 
hydraulic engines and fitted with brakes for adjusting the shoot point 
where required. 

The pressure water is brought by two tier^of 8-inch main^in a trench 
beneath the'tips. Tff enable .the tips to be ijaoved laterally with^t 
uncoupling the pipes, tjiese are fitted with walking pipes, shown at W 
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in the illq^tratioiij which have a range of 15 feet, and as the shoOts 
themselves are pivoted and may be radiated in either direction ,5 feet 
from the centre of the tip, this gives an extreme range of 25, feet 
without changing any water connections. 

The capacity of each tip is about 500 tons per hour, f, Fig. 874 
shows one of a series of more recent tips erected by the same makers^ at 
Newport, Mon, These are designed for wagons of 30 tons gro6s»weight, 
the total lift being 50 feet. Hoisting is performed by wire ropes, two 
hoisting cylinders being provided. The walking pipes for supplying the 
cylinders are shown on the left hand of the sketch. 

The main hoisting cylinder has a ram of 18 inches diameter, with a 
25-fQot stroke. The auxiliary ram is 9 inches in diameter, and has also 
a 25-foot stroke, while the tipinng ram is 9 inches in diameter, with a 
stroke of 18 feet. Two cranes, one of 8 tons, and one of 5 tons capacity, 
are provided for iiaudling anti-coal-breakiug gear, having each a lift of 
600 feet. They are provided with 10^ -inch and 12J-inch rams respec- 
tively, both of 25-fo()t stroke. Tlui slewing-gear of each crane is driven 
by a ram 6J[ inch in diameter and 2-foot stroke. The hoist may be 
worked anywhere witliin a i*ange of 200 feet, the travei’ser gear for 
working the trucks extending over this distance. The cylinders tor 
operating the traverser gear are fixed in pits beneath tlie track.*^ 

Atit. 201. - Hydhaulic Ckank Valves. 

The siij;)ply and discharg^f water to and from the cylinder of a crane 
may be adjiwted by means of a simple or compound slide or piston valve, 
as shown in Fig. 375, or by poppet valves directly manipulated by 
^and. Where pressures are very high and the volume of water large, 
the ^effort required to actuate such valves becomes excessive and some 
other arjfangement becomes desirable. ^ Such an arrangement*’’ is shown 
ip Fig. 876. Here A marks the pressure water inlet, D the connection 
to hydraulic cylinder, and E the exhaust. 

The valves are operated by handle*^ F, connected H rock-shaft 
Throwing F in one direction opens the inlet valve at A ; throwing it in 
the other allows the water to escape from D through outlet at K 

1 Messrs. Fielding & Platt, Ltd., Gloucester, by whose courtesy tlie foregoing sketches ate 
ayailable. ' , 

® These hoists were illustrated j.pd deKribed in a paper 'read before the Institution of 
Mechanical Engineers at their summer meeting held at Cardiff in 190G, ami for further 
dAils of working and fpr ^awlngs, &c., reference may be made*to the pioceedi*^ of 
Institution. ^ 

* ^ Messrs. Dewhursts’ Engineering Co., Ltd., Sheffield, 



CEA% VALVES m 

The valve stem II is raised by a cam surface cut in the ujper side of 
roek-^aft* 0. The stem does not directly open thi main valve; the 
upper end of a stem passes through main velve L in a clearance hole as 
shown, and*when raised, it strikes againsi* the bottom of pilot valve 
Jv, v?hich»it lifts against the pressure of the spring above and against 
the presBuraof the water in chamber B. Chamber B is fillecl with water 
leaking*f#5m inlef space A , past the easy fit of the piston portion of valve L. 
As soon as K is raised, the pressure in B drops to that in service 


ri rlnf — ^ 


uujKm m.m 
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between 7^^ and D being thus closed, the leakage from A into B allows the 
pressure in the latter space to rise until it balances that in Ay ^h|>n tHe 

coil spring has sufficient; 
pressure td force valve 
L down agaifi^t its seat. 

This construction evi- 
dently has a Aumber of 
advantages. The use of 
the small pilot valve, 
the only member which 
has to be lifted against 
the full pressure of the 
water, makes the appa- 
ratus more easy to 
handle than would bo 
the case if the whole 
main valve L had to be 
raised from its seat 
against the full pi‘es- 
sure. Also there are no 
sliding movements to 
be effected through 
. packings under heavy 
pressure, as the valve 
stem 77 is not under 

Fig. 376.— Hydraulic Operating Valves' with Pilot Valves, pressure until the valve 

is opened. 

There would appear, also, to be little danger of shock from sudden 
closing of the valves, since the lowering of main valve L to its seat on C 
is 0 ffecte‘(i by the* leakage from A to B, *which can be made as gradual as 
seems advisable, being regulated by the fit of L in its cylindricfal chamber 
in the main casting 0. 

Art. 202.— The Hydraulic Jack. 

For the manipulation of heavy weights by hand the hydraulic jacik ifi 
of the greatest value. In principle it consists nif a Bramah’s press on s 
small scales and one type 6lf its construction is illustrated in^Fig. 877 
Bfere the reciprocationtof the hand levgrpump^ Water frtim the. cistern 
Af through the hollow plunger By past the suftion and delivery v^vej 




THE H^^iAuLIC jack 


7^8 


Hand Lever 


_ Lowering 
Screw 


Va and Fj), into the space C below the lifting ram, and raises^ the latter. 
^The weight to be lifted is carried either on the ram tible T, or on a side 
shoe projecting from the ram 
casing. SdVews are provided 
for supplying the cistern A ^,^screw 
with water and for allowing of 
the inlet^f air, while a lower - 
' ing screw permits of the escape 
of pressure water from the 
space below the lifting ram into 
the supply cistern when it is 
required to lower the load. 

The lifting ram is usually 
packed by means of a cu]) 
leather, and the pump plunger 
by means of a single leather 
ring. 

If ?n = ratio of travels of 
lever handle and of pump 
plunger, and if a and A are 
the areas of plunger and ram, 
the theoretical mechanical 

advantage of the jack = m - , 



Fio. 377.— Hydraulic Jack. 


SO that, neglecting friction, the 
force P to be applied at the lever handle to support a weiglit W on the 

• ram table is given by P = IF ~ . lbs. 


Thus if 




diameter of ram 

diam^er of plunger 

• ^ 


= inches ) A 
= 1 inch I a 


80-25. 


•w) 11 TTr SO X 19*2 X 80*25 . 

if P = 50 lbs., IF = — = 

Actuafty th§ weight lifted is less tbai; tips begause ^f friction losses. 

The efficiency of the jack, or the ratio weight lifted by the 

ram, can only be determined experimentally, and varies largely with the 
condition size of the appari^tus, as well as \^th the^ magnitude Aid 
position of the load. 
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Frictioti Josses Jjre proper tioiiately less as the size of the machine 
increases, and, owing to the fact that the friction is partly mechanical 
and independent of the load, the losses diminish proportionately as4he 
load increases. 

Eccentric loading largely increases the mechanical friction,*^ and may 
double the friction losses. ^ ^ ^ 

The efficiency of a jack in fairly good order may be taken aS Varying 
from about 66 per cent, in the case of a small 8-ton jack, with eccentric 
loading to about 88 per cent, with a 100-ton jack and central loading', and 
is approximately constant for loads greater than one-fifth of the nominal 
capacity of the jack. 

AiiT. 208. — The Hydraulic Press. 

Reference has already been made in Art. 8 to the Bramah's press. Its 
modifications, as applied to such work as cotton haling, boiler-plate 
flanging, cartridge-case drawing, and heavy forging, are too numerous for 
detailed mention, and only one or two of such applications will be con- 
sidered in detail in the present treatise.^ Fig. 878*-^ illustrates a form of 
press used for flanging operations, &c., and capable of exerting a pressure of 
420 tons. In this machine two small rams are installed for lifting the 
head on the upstroke, while the pressure is applied by one central and 
two side rams, pressure wgirbr being supplied to those in succession as 
additional force is required. During the idle part of the down stroke, 
water from the exhaust is allowed to fill the space vacated by the rams. . 
The arrangement of valves by which this is rendered possible is simple 
and worthy of notice, and is shown in detail in Fig. 379. The main 
pressure and exhaust valves Fp and Vg each carry a closely fitting piston 
of ^reatei area than the valve itself, so that if the pressure above the 
piktpn and below the valve is equalised the effect of the pressure between 
the piston and valve is to lift the latter from its seat. A^small orifice is 
provided in each piston, so that under normal conditions the pressure 
above and bebw the piston is equal, and pressure keeps the valve on its 
seat. The auxiliary valves Fi and F 2 are worked directly Lorn 'tjier, 
operating lever, and when open give free communication between the , 
under side of the corresponding main valve and, the upper si^e of its^ 
piston. 

1 For further applications of the press the reader is referred to Blaine’s “ Hydraulifilk^ 

® By. courtesy of the makers, Messrs. Henry Berry it Co,, Leeds. 
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The opening of the auxiliary valve thus leads indirectly to |he opening 
of ;tie j3(5rresponding main valve. During ihe idll part of the down 
Btrpke both auxiliary valves are closed, n nartial vacuum is produced 



ibove the exhaust valve, which opens, and water is drawn from the 
axhaust into the cylindQv. When pressure is required, a quarter-turn ef 
the operating lever raises the valve Vi and^thus the pressui^e valve, and 
idmits pressure water* through, the passage Pi k) the cylinder. On the 
working stroke being completed, a half turn of the lever closes F, aijd^ 
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)penB Fj, thus opening the exhariet valve Vg and putting the cylinder into 
jommunication witti the exhaust, while a second lever and' valve admit 


Pnssun 



Fio. 379,— t»eUils of 2J-inch Operating Valve for 420 tons Press. 


pressure water to the return cylinders. A smaller press for similar work 
is illustrated in Fig. 13S0. 


Art. 201. The Hydraulic Forging Press. 

In the production of heavy forgings for large ingots of ‘lixild sieel, it is 
essential thai every part of the ingot should be equally worked if the 
resultant forging is to be homogeneous in structure. ■Where^^a stfeam 
hammer is used, the ' energy of the blow is absorbed' in producing dis- 
tortion of the outer layers, while the interior is practically unaffected. 
This disadvantage is overcome by the use of the hydraulic forging press, 
wMi its slow and powerful compression, and this is graduaHy supplanting 
. the steam hammer for the production of very heavy forgings. Th« 
■ pOnCiple of the presSjis the same as that of theVdinary flanging 
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• • » » J 

Fig. 380.— Hydraulic Flaneinp: I’rcss. 


ind for a very complete account of its devek/^nient and for details of its 
iesign, the reader is referred to a paper by It. 11. Tweddell.^ 


» “Proceedings lottitute of Civil En^gineers,” vol. 117, 1893-4, p. 1. 
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The AII 911 press works on a vfery ingenious principle and is illustrated 
diagrammatically Fig. 881. Here a pressure accumulator is cUimeces* 
sary, as are valves in the high-pressure water column. For its operation 
a low-pressure water supply, at about 200 — 300 lbs. per square inch) is 
necessary, and during the idle part of the stroke this follows itp the ram, 
the high-pressure connecting pipe being kept full in the ^meantime. 



Fia. 381.— Allen’s hyara'dlic Forging rress. 


When pressure is required this supply is cut off and communication is 
made with the high-pressure pump P. ' This lias no va<!y?s, sj) that the^ 
ram has a continuous up-and-down motion, the water column simply 
following thfe motion of the pump plunger. The inertia of this column 
thus has a useful effect in increasing the pressure oirthe ^ram at the^na- 
of the workinff stroke. A steam cylinder C is usually provided for lifting/ 
the ram. 

A type oi forging press to be worked in connection with an accumulatoi^ 
and intensifier is illustrated in Fig. 882. This "press is' fitted $ 
differential ram having diameters of 21 inches aid 36 inches and sij^ied] 
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with pressure water at 600 atmosphel’es. By us^ng each cylinder 
sepqratelyr or the two in combination, three powers having the ratio 1 : 
2 : 3L may be obtained, the effective force vr rying from 1,300 tons with 
the small ram to 4,040 tons with the two m^iombination. Two lifting 
cylinders^ising water at 50 atmospheres pressure, exert a constant upward 



Fig.*S 82.— C)^liinl(.Ts of 3-power Hydraulic Forging Press fur a maximum 
effo' of 4,000 tons. 


force of 7o tons, which has been taken into account in obtaining the 
above valifts. 

As, during the working portion of the stroke of a hydraulic press or 
similar machine, the i- fi^ velocity is re^uirojj to be only very slow, the 
diameters of the supply pipes may be very small without appreciable lojp 
of head. Ajrfftio of ram diameter to pipe diameter of about 12 to 1 is 
usually adopted. 

H.A. 
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Art. (204a.- Steam-Hydraulic Forging Press, 

By combining a steam accumulator or intensiBer with the hydi^ulic 
cylinders of a forging press and arranging steam actuated drawback 
cylinders to the main ram, a type of forging press is obtained^which has , 
been largely adopted of recent years on account of its flexibility, simplicity, 
and speed of working. Such a machine is illustrated ^n Fig^OSS, which 
shows a press designed for a full working power of 1,200 tons, and a 
maximum stroke of 48 inches. At full power the stroke is about 6 inches, 
and the machine is capable of making from 70 to 80 short strokes per 
minute. ' 

The press as shown is in direct communication with the steam 
intensifier S and a water reservoir R shown behind the steam intensifier. 
The main cylinder C of the press is supplied with water during the idle 
portion of the stroke from the reservoir through a large filling valve V 
bolted directly on the top of the cylinder. The water is returned to the 
reservoir after the pressing operation through the exhaust valve P secured 
to the top cylinder of the steam intensifier and connected directly to the 
reservoir. i 

The movements of the press are controlled by means of a main hand 
lever carried on a bracket on the steam intensifier, the movement of the 
press head corresponding with the movement of the main hand lever. 
The downward' movement of the hand lever first of all exhausts the steam 
from thb under side of th^-drawback pistons contained in the drawback 
cylinders J)D secured to tne tops of the columns of the press-, thus allow- 
ing the prfess head to fall until the top die reaches the work. During, 
this portion of the stroke of the main ram, the cylinder is filled with 
water from the reservoir through the filling valve. A further downward 
mdvement of the main hand lever raises the main steam admission valve 
of^ the bteam intensifier which forces^ high-pressure water from the top 
\ 5 y Under of the intensifier into the main cylinder of the^ press thus 
exerting full power on the work. The upward movement of the main 
hand lever first opens the main exhaust valve of the slfeaindfitensitiec, 
allowing th^ intensifier piston to descend by gravity, and ^ thus releasing 
the high presaure on the main ram. The continued upwar^movemenf 
of the main hand leVer tBen'^opens the exhaust valve on the top ot tW 
steam intensifier and allows the water to return from the main cylinder 
to the reservoir, the upward movement of the press head being ejected hf^ 
ibe re-admission of steam to the drawback cylinders, thereby eorapletii^ 
the cycle of operations of the press and steam intensifier. 

An auxiliary han^ lever close to the main hfcind lever operas 
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Fig. 383.*- ’r200-ton Stcam-Hvdr|iulic Forging Press. 

•• • 

steam slide valve which admits constant pressure steam to the drawbact 
cylinders on the press for wrorkin^ the press with sliort quick strokes for 
planishing. 


B D 2 
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r 

A smal^ lever-wfrked valve at the foot of the steam intensifier controls 
the movements of a hydraulic turning cylinder T secured to the* top table 
of the press. 


Art. 205.~IIydiuijlic IIivbters. 

c 

The hydraulic riveter provides another good illustra^Eion of^^ljbe^ adapta- 
bility of the hydraulic machine to workshop processes. Here the problem 
is to get a fairly large pressure on the rivet during the first portiomof the 
ram stroke, so as to form the rivet head and to clinch the plates, and a final 
larger pressure ol the nature of an impact to cause the rivet to expand and 

fully fill its hole. The extent to which 
this is attained in the riveter will be 
evident from Fig. fi84, wliich repre- 
sents a typical pressure diagram taken 
troni the cylinder of such a machine, 
supplied from an accumulator under a 
pressure of 1,100 lbs. per square inch. ^ 
Here A B represents the idle part of 
the stroke during which the ram is 
being brought up to its work, B C the 
setting up the rivet and the formation 
of the head, C I) the clinching of the 
rivet and the closing of the plates, 
while the sudden stoppage of the 
heavy accumulator ram is responsible 
for a further rise in pressure D E 
abgye the accumulator pressure, which is depended upon to fill up the rivet 
hole. 

. ' One type of portable riveter is shdwn in Fig. 885.^ Here the ram is 
situated at one end and the riveting is performed at the other end of a 
lever hinged at C. As thus arranged the machine offerg some advantages 
over the more ordinary type of bear riveter shown in Fi^. 3^,*^ for wolki 
in restrictM spaces. In the latter type the operation of riveting is 
directly performed by the, h^idry-ulic ram, the riveter ja,ws being forpied 
as a single steel casting. In Fig. 387® a section of the cylinder and valves 
of a riveter of the hinged typq is shown. Here water is adn^itted to 6t 
j^scharged from the raifi cylinder by the arrangement of valves shown. 



I’resHure’' Diai^ram from Cylinder of 
Hydraulic** Riveter? Accumulator 
pressure 1,100 lbs. per wpiare inch. • 


‘ By courtesy of the makers. 

* By the courtesy of the makers, Hfessrs. Henry ‘Berry & Co,, Ltd., Leeds^ 
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Thus a quarter-turn of tife regulating le^r raises the valve and puts 
the cyjindft: into communication with the pressure suiJj[)ly. On the com- 



Fiu. 385. — f'orlablc Uivetcr. Iliiigetl Type. 



Fiu. 386.~P()rtable Bear Riveter. 

• • 

pletion of the working stroke a half-turn in the opposite direetion cIoi^b 
the valve F^^ild opens ?alvo ri^,43utting the cylinder into communication, 
with the discharge passag^is. The main ram is drawn back on its idle stroke 
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Pressure Inlet 



"Discharge 


Fin. 3fi7.--Section of Cylinder and Valves of Hinged Type Riveter. 

4 . 

by meanQ of a special* dralft)ack ram which is always exposed to supply 
pressure, ^he metliod of packing the rams and the general construction 

is sufficiently well indicated in the* 
figure. 

In these portable machines pres- 
“ sure water is supplied to the sus- 
pending hook by means of a 
walking pipe, and provision is made 
fftr working at a« ijvet a{ any in- 
yiQ clination^ by meangi of a water- 

*' tight swivel joint at J (Fig. &85). 

Fig. 388 shoWs a /Jesigp of- Iked- jaw portable riveter. whitfh has the 
advantages of a central drawback ram and a main ram with Central' 
guide. ^ ‘ ». 

/ig- 889' illustrates a form of fixed riveter suitable for the* circum- 
ferential joints of large boiler shells. iHere IxAh jaws of *tbe^bearviar^ 
$ttedwith rams, that to the right of the illustration being adjost^lto 
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ns 
* 

suit the length of rivet td be handled. Tttie working cylinder, to the left, 
is fitjjpd with a differential ram so as to allow a large# range of work to 



FiG. 381).- Fixed Hydraulic Riveter. 


be handlej with economy. In this case the pressure supply to each ram 
is regulated by a separate valve. 

Art. 206 .'— Hydraulic L'ock-Ga^ Machinery. ^ 

In the majority of medern docj^s the lock gates rf)r caissons are actuai^d 
by hydraulic machinery. In the new “Royal Edward” Dock at 
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ATonmouth, for example, each feaf of the entrance lock gates is actuated 
by a direcf-actiijg F^ydraulic cylinder with piston and rod, the sUfok^being 
12 feet 9 inches. ^ • 

The cylinder of each mftchine is placed in a pit at the sid6 of the^lock 
The piston-rod is attached to a steel crosshead frame faced witl^ gun-metal 
and working between steel guides. The connecting-rod is of steel plate 
of l)OX section, and is fitted with a gimbal attachnfent at*^a4jh endj 
so that a certain amount of vertical movement can take place in the gate 



• Fio. Hydraulic Gear for Operatiiifr Dock Caisson, 


^without interfering with the action of the machinery. Control is effecte( 
by XfUves which are operated from quay level. 

The hauling machinery for operating each of the caissons installed i: 
cpnnection with the same dock is shown in Fig. 890,^ and consists of tw 
cast-iron hydraulic cylinders placed side by side. The working pressur 
is 750 lbs. per square inch. The multiplying ratio is 8 ta and the ram 
give a travel of the hauling rope of 66 feet per minute. Oi)e ram is use 
for opening, ‘and the other for closing the passage. The hauling rope 
are of steel wire‘ fixed^ to an adjustable fast end on each c^dindfer, carrie 
along the centre line of the caisson under tlie recess cover, and attache 
lo a bracket projecting from the inner end of' the caisson. ’ Automat! 
cut-ofif gear'is provided to prevent over-winding at either end of the trave 
"" Hydraulic Sluice Gates and Penstocka— The ^uice gafea, 54 ine^ 

1 Figa. 890 and 891 are by courtesy of the Editorfi^f » Engineering.” 
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' * 

diameter, in connection with these caisrfbns are also operate(^ by direct- 
acting b^Tdrauiic rams working under the same prelsure, the details of 



regulated trom a valve ctest with glide valves of guji-metal. 
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jAbt. 207. — Hydraulio Capstaks. 

Fig. 392, A, B, and c, shows a type of hydraulic capstan driven by a 
ihree-cylinder Brotherhood'engine.' The supply and discharge pipes are 
led to the enghie through trunnions T T, about which, on reljMing'the 
jatch C, the Vhole machine, capstan and engine, may be rqtated, thus 
bringing theiengine upwards for inspection or repairs witlout br«»kygany 



joints. ,The jvater supply is regulated by means of the trdhdle K which 
operates’ the admission valve. With a capstan head 1 foot 6 inches' in 
' diameter the hauling speed of such a machine is about ISO feet per minute^ 
, Where the capstan is intended for very heavy jork the engine may bt 
pop Ti AntAd tp the capstan hedd by'speed-reducing gear wheels, and Fig. 89£ 
sKSws such a machine designed for two speeds oiYerting a,pulkoI 7 tom 

t< I t 

* By courtesy of the Hydraulic Enginccriuf? C(fc, Ltd., Oheslef 
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at 61 feet per minute and 14 tons at 26 J feet per minute, fjjie working 
pr^^r^ being 700 lbs. per square inch and the diai]Sleter of the capstan 
hea^ d feet. 



A^t. 208. — Hydp^ulio Transmission Gear. 

Sever .:f devices for transmitting the torque developed at the crank shaft 
of the engine of a motor car to the driving wheels by hycfraulic means 
have beei> pat^ted recently. All shock diie to changes of gear wheels is 
thus avoided, while the ratio of speeds of the driving and driven shafts 
may be regulated with' •a much greater ^gree of flexibility than is < 
possible with a mechanical drive. One such (fevice, due to Dr.*Hele 8h%w, 
is illustrated In Fig. 394. In this a ring R mSunted on ball bearings 
and flxed as regards rotation, carries the crank pins of four piston^ 
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working in cylinders A. The ring is eccentric with respect t*^ the centre 
line 'the gear, its eccentricity being capable of regulation as desired. 
Th^ cylinders A form a single casting k^y' i^to the jaw clutch K which 
is coupled directly to the engine shaft. The supply of fluid to or from 
the cylifl(fers is regulated by means of a circular rotary ,valve V With 
supply arj^ discl^rge ports. The eccentricity of the ring 11 determines 
the stfolie of the pistons in these cylinders and thus the volume of fluid 
displaced by them per revolution of the engine. 

A'second set of four cylinders 1?, of the same size as A, are keyed to 
the jaw clutch N which is coupled direct to the driving wheels. The 



Fig. 394. — nydraulic Transmission Gear. 


connecting rods of these pistons are coupled to a single-crank jwn 7/ with 
fixed throw and thus have a constant stroke, while the crank shaft H»iB 
keyed to one half of the cone clutch M but is otherwise free to rotate 
•relatively to tfaS frame of the motor. The compound clutch M consists 
of three partts, one of which is fixed to the frame, one to the shaft 77, and 
one to tl^ cylinders Ay and by suitable manipulation thf shaft H may be 
either clutched to the frame or to th^ cj^linde? A. Assuming these 
cylinders to be rotating continuously in one direction with the engine, the 
action of the apparatus is as follows." 

(1.) CylincliBrs A an* Crank Shaft H both declutched.— Liquid pumped by 
pistons A IS circulated freely through the system abng the pipe 8 and 
through cylinders Bj ctfUsing shafjt H to rotate idlj^ in its bearings, with 
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a speed wh^'ch is equal to or less'than that of the engine accordmg as the 
eccentricity of the ring R is equal to or less than the throiiv oi the 
crank H. , ' 

(2.) Shaft H Clutched to Frame.—This shaft being fixed, the cylinders B 
are now constrained to rotate, the speed depending on the eccentricity of 
ring R, and the direction of flow, and therefore that qf rotfitfeon, being 
regulated by the position of the rotary valve V. * 

(8.) Shaft H clutched to Cylinders A. — If now the eccentricity of B be 
reduced to zero, no circulation of fluid takes place, and the cylinders A 
and B are in effect directly coupled together through the medium of an 
incompressible column of liquid and rotate at the same speed. As the 
eccentricity of R is increased, the valve V remaining in the reverse 
position, circulation takes place and cylinders B are driven backwards 
relative to A to an extent which depends on the eccentricity. When 
this eccentricity is the same as the throw of 11 the backward speed of B 
is equal to the forward speed of A , and the actual speed of B relative to 
the frame is zero, while by suitably regulating the eccentricity between 
these two limits any speed lower than that of the engine may be given^to 
B and hence to the driving wheels. 

By the use of such a device the full power of the engine is available 
for work on the driving wheels at all speeds of transmission, except in so 
far as this is reduced by hydraulic friction losses produced by the circu- 
lation of the working fluid.^On the direct drive this is of course zero, 
and it is only at lower speeds that it becomes important. At low 
^♦speeds it is L3t likely that the efficiency of transmission will be high, 
while the difficulties consequent on any leakage of the working fluid are 
'^)bvious. The chief advantage of the system lies in its extreme flexibility 
and ir the absence of shock on changing speeds. 


Akt. 209.— The Hydiiaulic Brake. 

The necessity for some braking apparatus by which the ^kinetn "Energy 
of a heavy body— such as a moving train or of a gun dming recoil- 
might be quickly and safely absorbed without the recoil effect obtaitted 
' by the use of spring buffers, ied to 'the invention of the hydraulic brake'. 

- In its simplest form this consists of a cylinder fitted with piston and/ 
.Tod'and filled with some liquid, ustially oil, water, or glycerine. The two ' 
eficb of the cylinder are connected, either by one or more smalh^passages''^ 
Iqrmed by holes in the body of the piston itself, or by a bye-pass pipe fitted ' 
tTWitja a spring-loaded valve or with a throttling valve by which the-;^^ 
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may be adjusted. In its simplest form tKe brake is extensively used as a 
darfipot*for damping the vibrations of governing mectfanism and the like. 

When used as a buffer stop, the body v- lose kinetic energy is to be 
absqjrbed forces in the piston rod and produces a flow of liquid at high 
velocity tllrough the connecting orifices. The energy of th^ body is thus 
partly transformed into kinetic energy of the liquid, which is dissipated 
in eddy formation, and partly expended in overcoming the frictional 
resistances of the connecting passages, together with the mechanical 
friction of the brake. The whole of the energy is thus ultimately 
transformed into heat. Since the energy absorbed by the brake is 
con§tant for a given mass moving with a given velocity, and is equal to 
the mean resistance of the brake multiplied by the length of its stroke, it 
is evident that the pressure in the brake cylinder will have its least 
maximum value when this pressure, and therefore the resistance, is 
uniform throughout the stroke, and when in consequence the pressure- 
displacement diagram forms a rectangle. The brake is therefore prefer- 
ably designed so as to give as nearly as possible uniform resisttftice, and 
since the resistance varies as the square of the velocity^of the liquid 
through the connecting orifices (very nearly), while the velocity of the 
moving body, and therefore of the piston, varies from a maximum at the 
instant of impact to zero at the end of the stroke, it is necessary 
either to make the connecting passages of diminishing a^ea towards the 
end of the stroke so that the velocity of efflux may remain constant, or to 
discharge from one side of the piston to the olher through a spring- 
loaded valve set to open at the required pressure. • • 

Where passages of constant area are used it is evident that the resist- 
^ance falls off very rapidly as the velocity diminishes and, e.g., has only 
one-quarter of its initial value when the velocity is reduced to on%half. 
In fact, if the resistance were ^solely measured by the prt)(iuction of 
kinetic energy in the contained fluid, the body would never be brought 
absolutely* to rest. Actually, however, the additional resistance in the 
^hape of, solid friction at the tup leathers, &c., together with that of 
returning spiings or balance weights, prevent this state of^ affairs being 
realised in practice. 

The ar^a of the connecting passage iftay bo varijd by forming it aa a 
circular orifice through the piston, and allowing this to work over a taper 
circular spindle fixed longitudinally is the cylinder, the available passage, 
area varying with tl^ diameter of the spindle. A somewhat Similar 
device is applied to a type of bflffer stop adoptdft by Mr. Langley, two 
rectangular longitudinakslots cut in the piston body working over tfflN 
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LONGITUDINAL SECTION OF TERMINAL PIT . 



PLAN OF HYDRAULIC BUFFER 


V ♦'.0* y 



I'ld, 395.~nydraulic Buffer Slop. 


rectangular longitudinal strips which are fixed inside the cyliriJer, have 
the same width as the slots, and vary in depth from end to end. ' . 

A buffer stop on these lii^s^ is illustrated in^Fig. 395. The cylinder, 
)f ^ast iron,* is 10 inches diameter and 4 feet long, its thickness varying 
from 14 inches at the fl-ont to 1| inches at the back end.' .The pis^n 

' d’escribed by^Mr. P. W. Shaw Proc, Inst. 0, Er,” vol. 165, p. 290) 
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has a travel of 8 feet 6 inches, and* is a plain disc, 9|| inches 
diamoter^ ti^ith two waterways 3 inches wide by J J iitehes deep working 
over, two feathers running from end to erd of the cylinder. These 
feathers are* 3 inches wide, and are irfches thick at the back 
tapering tP*i inch at the front end, the area of the waterways varying 
from 6 squase inches at the back to zero at the front end of fhe cylinder,^ 
The clearance between cylinder and piston is equivalent to a further 
constant area of *25 square inch. The covers are provided with two 
screwed glands, the inside gland of cast iron holding the hat leathers in 
position, while the outer glands of brass, which are mer 5^y intended as a 
stand-by, are packed slackly with hemp. A rubber pad inches thick is 
inserted at the back end of the cylinder as a final cushion. 

To bring the buffer forward after being pushed in a series of three 
counter weights are attached to the tail rod of the piston through chains 
working over pulleys at the front end. Those weights must be put in 
triOtion gradually to prevent breakage of the chains by shock, and to this 
end the centre weight is divided into a main weight and a jockey, weight, 
the latter being suspended from a G-inch pulley working in guides and 
riding on the centre chain. The jockey weight is then supprted on the , 
slack of the chain when the buffer is in the forward position, and when 
the buffer is driven in is lifted before the main weight, thus taking up 
the first shock on the chain. For the same reason the side weights are 
mounted on spring hangers. • 

The cylinder is automatically fed with water by ‘gravitation through a 
small pipe fitted with a non-return valve, while a smajl valvc^ attached to 
the top of the cylinder is provided for the escape of any air which may 
accumulate, and for convenience in filling. 

A similar brake, described by Mr. Langley, has a 3|-inch piston^ rod 
and a piston 12-inch diameter nnd 4’feet stroke. ^ ^ 

The total area of the connecthig’passages varies from 7:18 square inches 
at the front to *38 square inch at the back end. After being driven 
home the pistoi^is returned by means of counterweights. With this 
iJrake a maximum pressure of 800 lbs. per square inch was obtained 
when stopping a train weighing about 200 tons, and moving at 8 miles 
per hour.^^ • • • • * 

In a somewhat similar brake at Strasbourg ® the piston diameter is 16 

inches, and its travel 8*2*feet. A train qf. 200 tons moving at 8 miles per 

' •• 

1 “Proc. Inst. Mech. Eng.,” 1886, p. f05, 
a “ P^. IhsU C. B.,” voL 119, p. 449. 



783 HYDRArLICS AND ?TS APPLICATIONS 

■Where oommunication between the two ends of the cylinder is wiM 
through a spring-fcaded valve, in order that the pressure should ^ 
appro 5 dmately constant throughout the stroke it is necessary that -the 
lift of the valve should be small, its weight small, and the resistenee 
offered by tl^e spring as constant as possible over the rangd of lift <oi 

the valve. ..It, * « j. -i • 

As a liquid for use in recoil cylinders, Castor oil or EangOoiT oil it 

good and keeps the leathers in good condition. A mixture of four parte oi 
glycerine to one of water is also good, as is a mixture of methylated spirit! 


Fio. 397 llecoil Cylinder for Canet Gim, 



G6 per cent, water 31 per cent., mineral oil 3 per cent., with 25 grains of 

carbonate" of soda per g^allon^* j t u • 

Theory- of the Hydraulic Brake.— Suppose the piston rod to be in 

compression,* ’ - • i • 

Let A = effective area of piston in square feet, i.^., area of piston minus 
that of rod and of connecting orifices, if these are throughi 


the piston. 

a * = effective area of connecting orifices. 

Jj = length of piston travel in feet. 

I = length of connecting passages. 

Jl = resistance of brake in lbs. 

p = excess pressure behind piston in lbs. per square foot. 

wqight of moving body in lbs. ^ 

V = velocity 'of mdvin^g Body, and of piston if br&ke is in operh-:. 

tion. 
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if F = resistance in lbs. due to mwhanical friction and to effect of 
«(kiz4erwAigbtB, &c., t 

' '' 62-4 P 


R =p A +F 


_ 62‘4 P f 

“ 2 ^ 1 






( 2 ) 


BraSte Bxdfonn Resistance. — ^With uniform resistance the retardation 

* V ^ 

of the moving body is uniform, and will be given by ^ j feet per 

second per second, where Fi is the velocity at impact, so that the velocity 
at ajjy point distant x feet from the beginning of the stroke is given by 

jr 2 

— f X, 




By equating the work done on the brake to the loss of K. E. by the 
moving body we get 

IF Fi® 


11 L=. 


F 2 — ^ 

' 1 — ■■ Tir ■ 


2// 

w 


(3) 


2RL 


and 


F^ = - 




IF 


Inserting this value in (2) above, we get 

r X + r = ( 1 , X + « (i - £) (i +'3 il + K 

which finally reduces to 

62-4LX’(l+3f'* + ') / \ 


w 


(4) 


giving the passage area for any va^ue of a;, when the form of the ortfice is 
known, ^ . 

If it be,assumed that mechanical friction is equivalent to 6 per ceftt. , 

j)t the ^rce qp 4he piston, and il the term 

(i.c., if Arid friction be neglected), this simplifies to 

. 65*7 L 

^ - Jy 


LKJ VV/ 

Hi-.i). 


be taken as unity 
) 

(5) 


. , ExAMPp. 

Buffer stop-piston, 12 J inches diametef,* provided with* two slots of 
total area ^4*75 squate inche^— 3J-inch rod— length of stroke 4 leet. 
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= *728 square foot; IF = 224,000 lbs. 

Equation ( 6 ) now becomes 

2 _ 6 ::;;^X 4 X -386 _ .r\ 

“ ~ ^ 221,000 ' \ 4/ 

= -000453 (1 - 

a = -02127 \/|l ~ square feet. 

• , = 8-06 4 ] squi^re inches. 


Thus when .r = 0 , i.e., at the beginning of the stroke, a = 8*06 square 
inches. This gives the effective area of the orifice, and, when the entrant 
edges are well rounded so as to prevent the formation of a vena contracts, 
this will be the true area. With sharp-edged orifices, however, the orifice 


area will need to be greater than this in the ratio ^ . , - . . — . . - - 

f coefficient of contraction, 

and this will depend upon the form and situation of the orifice. ^ 

To avoid errors in the preliminary calculation it is advisable to form 

the orifices with rounded entrant edges. 

Assuming, in the example above, that Cc — ‘65, we get the following 

values for ai, where 6 \. di = a : — 




X feet . . , • 

0 

• 

1*0 

2*0 

3*0 

4-0 

ai square inches . 

4*71 

4-09 

8-34 

2*35 

0 


It 'is wofthy of note that since both the hydraulic resistance and the 
kifietic energy of the moving body vary as the velocity squared, their 
relative value. is independent of the velocjty, so that the piston travel is 
approximately independent of the initial velocity of the movihg body,* 
and depends c^ily on its weight.^. 


In a buflEer stop described by Mr. P. W. Shaw (“ Proc. Inst. C. E.,‘’ 1905-(>, Part iii., vol. 166, 
p. 290), the piston came to dead slow at ^lx)ut 9 inches frew the end of its strdke, when 
resisting a mass of 11 tons, for alll^pceds of collision from 4 to 12 miles per hohr. The 
detajjs of the brake are aa follow Cylinder, 10 inches diampter, 8 feet, 6 inches stroke 
piston, 9^1 inches diameter, wflh two rectangular filuts 3 inches wide x 1| inches d^, 
working over strips 3 inches wide x IJ inches tapering to 4 inch. 
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tml[e with Passages of Constant Area.'^-In this case we have, neglecting 
YneolauiCal friction, 

‘ ^ 62-4 f. 

^ * 2g { m\ aF 


= k where k = 


62-4 


1 + 


AH 


2 g ' m i • 

Binge 4Bis meadures the mass X acceleration oj the moving body 

, (f (I t ij d X 

the negative sign indicating that the motion is being regarded. 

ff a X 

k (1 

or / '-FF == ~ / d X 


ff d 

r^^fiv _ _ 

Jy 


The solution of this equation gives : — 

' (.ri — x) 


= i/? te - 


l0ge^=- 


{x — Xi), 


]V^ ^ ' IV 

Writing a;i = 0, so that Vi is the velocity at the instant^of impact, we 
have 

1 y ^ !f 

log, ~ 

or F = Vi e 

giving the velocity corresponding to any position *.r of the piston. Since 

- ,y>, • m 

e never becomes equal to zero, no matter how large the value of x, 
the velocity cannot become zero until a change takes place in the law of 
resistance, either on account of the effect of solid friction, or because of 
the motion of the fluid becoir.liig so slow that the rpsistanqiB becomes 
approximately prcfportional to tlie first power of the velocity. ^ 

On talflng mechanical friction into account we have, assuming this to 
be consit^nt, ^ * 


ff dx 

+ w ^ ^ w ~ 


d X 


2 fj d sP ' 

0 , 


or ^ + 1. F» = c. 

dx • ^ 


where 


^C)2*4^» , fl\ ^ 


W 
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The solution of this equation h 

n c ~ b * 

r* = ^ + 6 where D is a constant. 

Putting V = Vi when x = 0 we have ~ 4- !>, 

1) ' 



giving the velocity after a piston displacement x feet. 
This may be written 


or 


’'■‘-I 
1*2 £ 


X = log, 



2*802 


logll 


Fi® — - 

h 


F2 - 



giving the position of the piston when the velocity has been reduced from 
Fi to V feet pfr second. ^ 

Pig. 898 indicates the variation of pressure intensity inside the cylinder 
with piston displacement in the cases (a) where the resistance is uniform ; 
(h) where a compression' buffer without tail rod, having passages of 
uniform area and with air cojmpression is used ; and (r) with a tension 
buffer with passages of pnifo^m area. 

With constant pressure and resistance, the maximum pressure attained 
is about one-fnird that in the casd of the tension buffer with passages of 
imiform area. 


Art. 210.— The Hydraulic Dynamometer 

is^certainly the most perfect of all mechanical devices for measuring and 
absorbing the energy developed by a prime mover at a rotating "shaft. 

In' its mqdern form it owes its conception— in all but on^ essential — ^to 
the late Mr. William Froude ; but the addition of the one Retail which 
made the brfcke a practical success was due to Professor Osborne 
Hsynolds. 

* The Reynolds— or Mather-Reynolds— Dynamometer shown in Fig. 899 
iconsists oft'a double disc I), ^ fixed to the power shaft by set screws or 
keys and carrying on its oiiJer faces a series of narrow pockets. ^ ^ 

, -iSiese latter are semicircular in section^ their plSne is inclined at' 
ix) Die axis of the shaft, and they face forwards in the direction of ) 
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4.<»riDg C, carrying a double series of-^aockets similar to those on the 
.;'-&c#n,tRe same planes but facing in the opposite direction, surrounds 
carries a graduated lever L from which are suspended the 
- weights eomprisiiig the brake load. 

tThe shdft passes through bushed openings in the casing which it fits 
' dosely so smb to prevent undue leakage. 

In tfce^case of lin 18-inch brake wheel the wheel itself carries twenty- 
. iour pockets on each face, while the casing carries twenty-five similar 
pockets. These are inches in radial depth and have an axial width of 
inch, the dividing vanes 
or j)artitions, being J inch 
thick. 

Provision is made for 
supplying the pockets with 
water, and for allowing this 
to escape after having worlt 
done on it in the dynamo- 
meter, while a small air 
vent is provided in the 
thickness of each vane to 
admit air from an annular 
chamber K in the casing 
to the centre of the circle 
formed when two of the 
pockets on disc and casing 
directly face each other. 

^ It is to this detail that the 
brake owes its successful action. As originally designed by Mr. Froude 
these air vents were absent. - ^ 

The action of 4ihe dynamometer is as follows Water admitted to* 
the casing through the flexible rubber tube at T finds its way through a 
series o| four^Mes in the boss* 7^ into the chamber E between the discs, 
and thence ^J^rough a series of small holes F F, formed in the thickness 
of the wheel vanes, into the pockets. * 

^0 pre^nt the water being projected int(j the ^ir hdles the radius of 
the inlet hole circle is made rather greater than that oi the air vent 
circle. ^ ^ 

Considering one of the pockets, its confained water is •thrown out^ 
wards by .cdutrifugaf action, and, guided by the circular boundary of 
the pocket, is projects^ forwards into a stationary pocket* ii^ the casing* 



Fig. 398.— Pressure Diagrams from Cylinders of 
Hydraulic Brakes, 
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Guided uacii by this pocket ft enters a second moving pocket witfc. 
increased velocity, ♦is thrown outwards and projected forwards Dwife 
still greater velocity into a second stationary pocket, and so on. Tfeeo^ 
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disc SBd to the casing, and since the friction moment of the side glands 
also ceajsfs equally on the casing and on the shafts there is, so long 
as the shaft is rotating uniformly, an exact br lance between* the driving 
moment on* the shaft and the resisting moiftent on the casing. The 
latter is#jJtovided and measured by the resisting moment of the brake 

load. • 

♦ 

A slight side cHarance between the outer circumference of the wheel 
and of the casing at 6r Gr permits of the escape of water into the concentric 
chamber Jf, which is always full when the brake is working. It escapes 
from this chamber through the automatically regulated ;alve V 2 . 

Since the .change of momentum varies directly •a’fe the quantity of 
water in motion, and directly as its velocity, the brake resistance may be 
varied by varying either the inflow or outflow, a system of levers being 
arranged as Indicated so as to do this if the brake lever rises or falls, and 
thus to prevent over or under loading. An oil dashpot at P serves to 
prevent hunting. 

The object of the air vents may now be noted. The water ig motion 
in each pair of pockets forms a vortex, and in consequence is at a greater 
pressure at the outside than at the centre of the pocket. \rhe pressure 
at the centre may, in fact, in a closed pocket, become less than atmo- 
spheric, while in any case there is u tendency for air to accumulate at 
the points of least pressure, so that in the original type the dynamometer 
gradually emptied itself of water and became air charged. Further, since 
with a given speed of rotation the pressure from the inside to the outside 
of the vortices increases at a fixed rate, any ch{)j:ige in^d.o internal 
pressure is accompanied by a corresponding change in the pressure on 
^the pockets of the wheel and casing, and hence affects the resistance. 

By the provision of air vents, however, a constant pressure, equal to 
that of the atmosphere, is main^iined at the centre of the^ vortices under 
all normal conditians of working ; the brake need not, as in its original 
form, be fhll of water for satisfactory working ; and for a given speed and 
jvater sqjjply Jh^ resistance rem .las uniform. 

This tj pe of dynamometer has many advantages in view of its safety, 
its accuracy, ease of adjustment, and moderate dimensions. * 

The reMsting moment varies as A Iv^h^e ^,is the* combined cross- 
sectional area of the streams suffering change of directien, v is their 
mean velocity which ib qjroportional tp#the j.ngular velocity oKthe Brake ^ 
and to its radius, and r is the radius of tfie centre line (5f the brake 
pockets. 

It follows that in twp siniiUr dynamometers rotating Vith the same ^ 
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angular velocity, and having Isorresponding linear dimensions 
ratio 8: 1* if both brakes are running full we shall have 

' Ai = 8^ Ai ; i’2 — svi; ra = « Vi ; 

""Ai fa* n = 8^ {Ai vi^ n), 

so that the resisting moment, and, therefore the horse-powei^ absortli^'l 
varies as the fifth power of the linear dimensions. | 

Experiments show <hat such a brake as illustrafed will •absorb 
maximum of 29*5 H.P. at 100 revolutions, the disc diameter bd^'^ 
18 inches. . • ' 

It follows that a brake having a disc 24 inches in diameter will absorti^^'^ 
1,100 H.P, at SOCT fevolutions, while by mounting two or .more discq . 
one shaft the power which may be absorbed is practically unlimited. 

The resistance with a given quantity of water varies approximately as 
the square of the brake speed, so that the brake is specially well adapted 
for high-speed work. Also, since the resisting moment at the instant of 
starting is zero and gradually increases with the speed, the brake is well 
adapted 4or the testing of internal-combustion engines or steam turbines 
of the pressure type, while once having been adjusted it requires po 
further attention no matter how the speed or power of the prime mover 
may vary within wide limits. The only drawback is the somewhat large 
first cost of the apparatus. 

A dynamometer to absorb 6,000 H.P. at 800 r.p.m., built on almost 
exactly the same lines as th^arsons steam turbine, with circulation of 
water *through the various rings of fixed and moving vanes is illustrated 
and described in Engineering News, December 80, 1909, p. 726. 

For such high speeds as are common in steam turbines of the impulse 
^lype, and for small powers, a simpler type of hydraulic dynamometer* 
gi vested results. This consists simply of a series of parallel discs keyed 
to j;he pgwer sl^aft, and rotating with small side clearance between a 
sjpiilar series of stationary discs fixed to the outer •casing. As in th^ 
previous type of brake, with an uniform speed of rotation the* resistance 
varies with the quantity of water in use,*and may therefoi«' be ^gulated 
by tbe opening or closing of the inlet or outlet Valve. .Wi4h a constant 


quantity of ^ter in the brake the resistance depends on the wetted area, 
,and varies approximajjely as Vhe 1.8th power of the aflgulaf velochi^*" 


gauming it vary as the square of the velocity, the work done on eadi^ 
*'faipe of each disc is given by 2 (d® / d r, where / is a coefiScient 

^ • Jr, • 


ieii^iwe, fiobably having a. value of about '004() with 




E%>}JtES 797 


ffDdtItkcefir; a> = angular velocity in radittUs per second; and Ri and R% 
and inner radii of the submerged portion of ttfe rotating 

disa in feet. 

On integrating this gives (R^^ — foot lbs, 

' With n dfecs the work done against the resistance per second (neglect- 
ing th# effect of tile edges of the discs) is then givan by 

2 ji X ■ (Jii» - /ia') foot lbs. 

5 


4 n fr f (0 
“ 5^550 


W “ ^^2^) H.P. 


Example. 


Brake provided with three rotating discs enclosed on both faces. Outer 
diameter 9 inches, submerged to an inner diameter of 6 inches. Assum- 
ing /= •004, determine the B.H.P. absorbed at 10,000 revolutions per 
^ minute. 


" Here 


(a = 


2 IT X 10,000 
60 


JJjS = (-375)^ = -007413 
/fa® = (-25)5 = *000976 

B H P = 12 X ^ X *004 X 8 ttA X \0» X ;00fi487 
5 X 216 X 550 

= 405, 


Examples. 

(1) A direct acting hydraulic lift has a travel of 40 feet.^ Th^ c^e and 
ram weigh four tons, and are counterbalanced to the extent of three toqs, 
by hanging weights. The lift is to take a load of three tons, with a 
jiiaxijniyin acj^lwation of 2 feet^^^er second per second. The diameter of 
ram is decide^ on as being 5 inches. Determine the working pressure in 
the cylinder, assuming ram friction to account for 5 per cent.^f this. If the 
pressure Supply is 750 lbs. per square tin^h, Jhis Ijping induced by means 
of a reversed intensifier of the ordinary type and having a stroke of 4 feet* 
determine the necessaiy* size of this ^oj^lin^er and of its r£^ assuming 
friction to cause a loss of 6 per cent. Also determine the relative gaiji in 
efficiency of*this sysfem as compared with supplying the lift cylinder 
directly with pressure yater throttled down to the required pressure. 
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N.B. — The total weight to be^ccelerated in this case = 4 + 3 + 3 5=; ' 
10 tons. * f . * " 

[ Working pressure 554 lbs. per square inch, 
j Diameter of reducer cylinder = 15*8 inches. 

Answer. Diameter of reducer ram = 13*95 inchdis 
Gain in efficiency = 35*4 per cent. 

(2) A direct acting hydraulic lift has a travel of 40 feet. The cage and : 
ram weigh four tons, and the lift takes a weight of three tons, with an - 
acceleration of 2 f.s.s. Assuming a ram diameter of 5 inches, and a 
hydraulic balance^c^linder of the typo shown in Fig. 861 to be fitted, 
this being designed so as to balance three-quarters of the weight oithe ^; 
cage and ram when the latter is at the upper limit of its travel, determine 
the leading dimensions of this balance cylinder, given that, the stroke of , 
its ram is 6 feet ; that the ram B weighs one ton ; and that the annular , 
space D is supplied from a tank whose level is such as to produce a 
pressure of 80 lbs. per square inch on the annulus E when this ram is at 
the bottom of its stroke. The supply pressure at A is 1,100 lbs. per 
square inch, f 

I Outer diameter of ram B = 12*95 inches. 

Answer. \ Outer diameter of stationary inlet ram = 9*0 inches. 

( Outer diameter of annulus E = 44 inches. 

(3) If in the lift of the preceding example the type of balance cylinder 
of Fig; 862 is used, determfne the necessary diameters of A, and C, 
and the necqpsary \^eight of ram B, Take into account the acceleration 
ofB. 

^ f Outer diameter of ram C = 12*95 inches. 

Aj;iSwer. ] Outer diameter of ram A = 9*0 inches. 

. ' . I height of B ^ =20*2 tons. 

♦(4) If in example (1) the cage and ram form part of a suspended lift,, 

counterbalanced to the same extent as in that question, and operated 
through a jigger giving a multiplying*^ ratio of 6 : 1^ detern^ine thft 
necessary diameter of the cylinder of the jigger if the working pressure = 
760 lbs. per square inch ; the efficiency of the multiplying mechanism h , 
76 per cent. ; and fricttonaWosles •account for 10 per cent.^f th^ pressure, 
on the rai^ * . 

^ Answer? 1^*8 inches diameter. 

(i) A direct acting cnune of the type shown in B^ig. 870 fe .to lift two 
ons.with ft ifiaximum acceleration of 4 f.s.s. The supply pressui^O 


9*0 inches. 
20*2 tons. 
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‘603 lbs. per square inch. Assuming an efl&ciency of 75 per cent. 
<ietqr^in® the necessary size of ram. ) ' 

, 0 Answer. 3*5 inches diam 'ter. " 

(6) A hydraulic jack has an efficiency of HO" per cent. The diameter 
oft the rafflS is 8 inches, of the plunger J inch. The leverage of the 
operating IgVer is 20 : 1. Determine the pressure on the handle when 
lifting ^or*!^ tons. ^ 

Answer. 49*2 lbs. 

(7) * A buffer stop is to be designed to stop a train weighing 150 tons 
when going at ten miles per hour, in 8 feet. The cyliuiler diameter is 
16J Jnches, thp piston rod being inches diameteii The thickness of 
the piston is 4 inches, but the entrant edges of the orifices are rounded 
so as to make their effective length equal to 2 inches. There are two 
rectangular Orifices, each 3 inches wide by 2*10 inches deep. Determine 
their effective depth at points where the piston travel is respectively 
0, 2, 4, 6 and 8 feet, in order that the resistance may be uniform through- 
out the stroke. Also determine the magnitude of this resistancp^and the 
pressure in the cylinder, assuming that counterbalance , weights and 
friction exert a constant resistance of one ton. 

Answer. Resistance 140, 300 lbs. = Gi'OS tons. 

Pressure in cylinder =781 lbs. per square inch. 


Stroke .... 

0 

2 ft. 

4 ft. 

Gft.' 

8 ft. 

Effective depth 

1*30 ins. 

1*13 ins. 

*92 ins. 

*65 ins. 

0 


^ (8) If the buffer stop of the preceding example has the same effective 
piston area with two rectangular connecting orifices each inchew^wide 
which together ha^e a combined area of 6 square inched, this remaining 
uniform tl^oughout the stroke, determine the maximum pressure attaindff 
in the cylinder and the length of ^’troke which would be necessary for the 
jfiston to^^^.omd’to rest without touching the end of the cylinder. 

Answer. Alaximum pressure = 1,320 lbs. per square inch. 

^ , Stroke =,22*45 feet. • 

(9) If the area of the passages in Example 8 were 3 s<|uare inches, 
determine the maximum pressure attainq|d» <^nd the length of s^^e before 
coming to rest. • , 

•Aliswer. ^^ressure ic 5,275 lbs. per iq[uare inch. 

Stroke = 7*53 feet. 




APPENDIX. 


USEFUL DATA FOR HYDRAULIC CALCULATIONS. 

Multiplier for converting logarithms : — 
j Comnfbn to hyperbolic (to base e) 2*B0258. 

1. Hyperbolic to common *43429. 

One radian = 57*296°. 
g = 32*1908 at Greenwich. 

One knot = 6,080 feet per hour. 

One metre = 89 ’37 inches = 3*28 feet. 

Standard atmosphere = 29*95 inches = 760 millimetres of mercury 
= 38*9 feet of water. 

= 14*7 lbs. per square inch. 

Inches of mercury X *4907 = lbs. per square iilch. 

Feet of water X *4331 = lbs. per square inclh 
A pressure of 1 lb. per square inch is equivalent to a column of water 
‘309 feet high = 27*7 inches high. 

One imperial gallon = *1605 cubic feet. 

= 277*27 (wibic inches. 

= 10 lbs. 

Une U.b. gaiicyi = 231 cubic inches. 

***** = *88254 imperial gallons. 

One cubic foot of fresh water = 62 4 lbs. 

One cubic motre of fresh water = 35’62fbul:ic fe^t = 2*200 lbs. 

One litre of fresh water = 2*2 lbs. 

One ton of fresh water * = 35*9 cubis feet. 

One cubic fqot of seawater = 64*0 lbs. 

H.A. 
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APPEJ|)IX 
Tible a. 

Pressure of Water. 


The pressure o£ water in pounds per square inch for every foot in 
^ height to 270 leet. ^ 


1 

2 

3 

4 

5 
0 

7 

8 

y 

10 

Ji 

12 

13 

14 

15 
10 
17 
IH 
1 !) 

20 

21 

22 

23 , 

24, 

25^ 

26 

27 

28 
29 

39 

31 

32 

33 
ti 
35 

37 

38 
89 

40 * 

41 

0 



i 

OJ 

H 

OJ 

£ 

si . 

Feet Head. 

4) 

. 

ii ^*5 

Feet Hetd. 

0-433 

46 

19-92 

91 

39-42 

136 

0-860 

47 

20-35 

92 

39-85 

137 

1-299 

48 

20 79 

93 

40-28 

138 

1-733 

49 

21-22 

94 

40-72 

139 

2-165 

50 

21-65 

95 

41-15 

140 

2-599 

51 

22-09 

96 

41-58 

111 

3-032 

52 

22-52 

97 

42 01 

142 

3'465 

53 

22-95 

98 

42-45 

143 

3-8l'2 

54 

23-39 

99 

42-88 

141 

4-331 

55 

23-82 

loo 

13-31 

145 

4-764 

5<'\ 

24-26 

101 

13-75 

146 

5-2() 

r i 

24-69 

102 

41 18 

117 

5-63 

58 

25-12 

103 

41-61 

14M 

6-06 

59 

25-55 

104 

45-05 

119 

6 49 

60 

25-99 

105 

45-48 

1.50 

6 93 

61 

26-42 

106. 

45-91 

151 

7-36 

62 

26-85 

107 

46-34 

152 

7-79 

(»3 

27-29 

108 

46 78 

153 

8-22 ' 

64. 

27-72 

10 > 


151 

8-06 

^>5 

28-15 

no 

47-64 

15.5 

9-09 

' 66 

28-58 

111 

48-08 

1.56 

9 53 

"7 

29-02 

112 

48-51 

1.57 

9-96 

68 

29-15 

113 

48 94 

1.58 

10-39 

69 

29 88 

114 

49-38 

159 

10-82 

70 

30-32 

115 

49-81 

160 

11-26 

71 

30-75 

116 

50-24 

161 

.^169 

72 

31-18 

117 

50-68 

162 

12-12 


31-62 

118 

5111 

163 

t2-55' 

74 

' 32-05 

119 

51-54 

161 

12*99 

75 

32 48 

120 

51-98 

165 

13 42 

76 

32-92 

121 

52-41 

166 

13-86 

77 

33-35 

' 122 

52-84 

167 

14-29 

78 ■ 

33-78 

123 

58-28 

168 

14-72 

79 

34-21 

124 

53-71 

169 

15-16 

80 

31-65 

125 

54-15 

170 

t5f>9 

fth 

35-08 

126 

54-58 ■ 

171 

16-02 

82 

^ 35-52 

127 

1 55-01 

172 

16-45 

83 

‘ 35-95 , 

128, 

i f,f-44e 

173 

16-89 

84 

36-39 

129 

55-88 

174 

17-32 . 

, ^5 

36-82. 

130 

56-31 

175 

17-76/ 

86 

37-25 

131 

56-7<| 

176 

18-19 

,87 

37-6S 

132’ 

■ 57-18 

177 

18-62 

88 

38 12 

133 

57-61 

178 

19-05 

89 

38 55 

<134 

58-04 

179 

.19-49 

90 

<L 

38-98 

135 

68-48 

180 



r>8-9i 
59-34 
59-77 
00-21 
00 04 
01-07 

61- 51 
01-91 

62- 37 
62-81 

63- 24 

63- 07 

64- 10 
64-54 
64-97 


65-84 

6627 

60-70 

67-14 

67- 57 

68 - 00 
68-43 

68- 87 

69- 31 

69- 74 

70- 17 
70-01 

71- 04 
71-47 

71- 91 

72- 34 

72- 77 

73- 20 

73- 64 

74- 07 
74*50 

74- 94 

76- 37 

75- 80 

76- 23 
70-07 

77- 10 

77- 53 
77-97 


181 

182 

183 

184 
1S5 
186 

187 

188 


190 

191 

192 
1!>3 

194 

195 

196 

197 

198 

199 

200 
201 
203 

203 

204 

205 

206 

207 

208 

209 

210 
211 
212 

213 

214 

215 

216 

217 

218 

219 

220 
221 
222 
223 

22‘t 

225 





«s 

S. (S . 

1 

d. 


H 

-s 

ressu 

Sc]i 

Inch 

1 

S 

Ui 

“-1 

78-40 

226 

98-10 

78-81 

•227 

98-33 

79-27 

228 

98-76 

79-70 

B29 

99-20 

80-14 

230 

99-63 

80-57 

231 

10006 

81-00 

232 

100-49 

81-43 

233 

100-93 

81-87 

231 

101-3S 

82-30 

235 

10W9 

82-73 

236 

102-23 

83-17 

237 

102-OC 

83 60 

238 

103-0^ 

84-03 

239 

103-62 

81-17 

210 

103-91 

HI -90 

211 

101-31. 

85-33 

242 

101-8:' 

85-76 

213 

105-26 

86-20 

214 

105-69 

86-63 

215 . 

106-13 

87-07 

246 

106-56 

87-.50 

217 

106-99 

87-93 

248 

107-43 

88-36 

249 

107-86 

88-80 

250 

108-29 

89-23 

251 

108-73 

89-66 

2.52 

109-16 

90-10 

2.53 

109-59 

90-53 

254 

110-03 

90-96 

255 

110-46 

91-39 

256 

110-89 

91-83 

2.57 

111-32 

92-26 

2.58 

111-76 

92-69 

2.59 . 

11^-19 

93-13 , 

260 

112-62 

93-56 

261 

113-06. 

93-91^ ^ 

262 

113-49 

94-4?. 

2 m 

113-92 

91-86 

2(R 

114-36 

95-30 

265 

lj[4-79‘ 

95-73 

266 

il5-22 

96-16 

267 

115-66 

96-60 

268 

'116-09 

97-03 

, 269 

\16*62 

97-46 

270 

116-96 



ilPPI^NDIX 


• JL i 


jDlameter 

Inches. 

• 

Area. 

Square inches. 

j 

•0122 
, *0490 

1 

1 

*1104 

*1903 

*4417 

1 

f *7854 

u 

*9940 

u 

1*227 


1*707 

i| 

2*105 

2 

3*141 

3*970 

24 

4*908 

2| 

3 

5*939 

7*008 


8*295 

9*021 

ill 

11*01 

4 

12*50 

4J 

15*90 

5 

19*03 

5i 

0 

23*75 

28*27 

Oi 

33*18 

7 

38*48 

n 

8 

44*17 

50*20 


56*74 

9 

63*01 

, ui 

70*«8 

10 

,, 78*54 

lOJ 

86*59 

y ^ 

^ »5*03 

iH * 

• 103*87 

12 

• 113*10 

12i 

122*72 

13 

J32-73 

13^ 

143*14 

14 

153*94 

14i 

105*13 

15 

170*71 

15i 

188*69 ^ 

16 

• 201*06 


Table B. 


Areas of Circles, 


Diameter. 

Area 

Inches.. 

Scinare Inches. 

i«i 

213*82 

17 

220*98 

Hi 

240*53 

18 

254*47 

isi 

208*80 

19 

283*53 

19i 

298*05 

20 

314*10 

'20i 

330*00 

21 

310*30 

21^ 

303*05 

22 

380 13 

22i 

397*01 

23 

415*48 

23i 

433*74 

24 

452*39 

24i 

471*44 

25 

490*87 

254 

510*71 

20 

630*93 

20J 

551*65 

27 

572 5 

27-i ! 

593*9 

28 

015*7 

2Hi 

637*9 

29 

000*5 

294 

083*4 

30 

700*8 


730*6 

3i 

754*7 

314 

779*3 

32 

804*2 

32 i 

829*5 

33 

855*3 

334 

881*4 

34 

907*9 

344 

9:J4*8 

35 

^ 902*1 > 

35i 

989-8 

36 

1017-9 

304 



1075*2 


1104-5 


I)iriiiipt<‘r. 

liiclu’s. 


Area. 

Sfjuaro Inches. 


1 


;j9 

'10 
40i 

41 
4li 

42 

m 

43 
43i 

44 

44 J 

45 
4.H 

40 
4(ji 
47>.' 

471 
48 
481 
.49 
.491 

50 
501 

51 

521 

53 
631 

54 
541 

55 

551 ^ 
56) 

56 

57 I 

57 

58 

59 

60 


1134*1 
1104*2 
1194*6 
1225*4 
1256*6 
1288*2 
1320*3 
1352*7 
1385*4 
1418*6 
^452*2 
1480*2 
1520*5 
1555*3 
1590*4 
1020*0 
1001*9 
1698*2 
1734*9 
>1772*1 
1808*6 
1847*5 
1885*7 
1924*4 
1903*5 
2003*0 
2042*8 
20*1 
1 2123*7' 
2164*8 
2206*2 
2248*0 
2290*2 
2332*8 
2375*8 
•2419*2 
2463*0 
2507*2 
2551*8 

S 2596*7 
2042*1 
2734*0. 
2827 • 4 * 
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APPEfNDIX 


Table C. 


Theoretical Velocities of 'Water, v =■ ^ 2 g h, in Feet per Second, due tO] 
Ifcads from One-tenth to One Hundred Feet * , ^ ' 




Head 
in feet. 

velocity 
iu feet 

per vec. 

lle.id 

111 lucL 

V Vfilopily 

HI feet 
l»er see. 

Head 
in feet. 

Velocity 
ill feet 
per aec. 

‘Head 
iu feet 

Velocity 
in feet 
per aec. 

f 

in feet 

Velocity 
iufeet 
per Me. 

O’O 

0-()(K) 

-8 

17-571 

28- 

42-43 

52- 

57-83 

76- 

e 

69-81 

•1 

2-.')3f; 

-!) 

17-753 

28-5 

42-81 

52*5 

58-06 

76-6 

70-14 ' 

•2 

3-r)87 

'5' 

17-93 

29- 

43-19 

63* 

58-38 

77- 

70-35 

•3 

4-393 

5 "5 

18 80 

29-5 

43-56 

63-5 

68-65 

77-6 

73-60 

•4 

r)-()72 

6- 

19-61 

30- 

43*92 

54- 

58-93 

78- 

70-83 

•5 

r)-<;7i 

6-.-) 

20 44 

30-5 

44-29 

64-5 

59-20 

78-6 

71-06 

•6 

t;-2J2 

7- 

21-21 

31- 

44-65 

55- 

59-48 

r,7y- 

71-28 

7 

6-710 

7-5 

21-96 

31-5 

4.V01 

65-5 

59-74 

"79-5 

71-61 

•8 

7-137 

8- 

22-68 

32- 

45-36 

56- 

60-01 

80- 

71-78 

•y 

7-609 

8 5 

23-38 

32*5 

45-72 

66-6 

CO-28 

80-5 

71-96 

1-0 

8020 

9- 

21-06 

33* 

46-07 

57- 

60-55 

81- 

72-18 

1 

8-412 

9-5 

24-92 

33-5 

46-42 

67-5 

60-79 

81-5 

72-40 • 

2 

8.786 

10- 

2.V36 

31- 

46-76 

68- 

61-08 

82- 

72-60 , 

•3 

9-144 

10-5 

25-98 

31-5 

47-10 

58-5 

61-31 

82-5 

72*84 

•4 

9-4!>0> 

11- 

26-60 

35- 

47-44 

69- 

61-60 

83- 

73-06 

•5 

9-821* 

11-5 

27-19 

35 5 

47-78 

59*5 

61-81 

83-5 

73-28 

•6 

10-145 

12- 

27 78 

3(1* 

48-12 

60- 

62-12 

81- 

73*61 

•7 

10-457 

12-5 

28-35 

36»-5 

48-45 

60-5 

62 38 

84-5 

73-72 

•8 

10-760 

13- 

28-91 

37- 

48-78 

61- 

62-64 

85* 

73-94 

•9 

11-055 

13-5 

29-46 

37-5 

49-11 

61-6 

62-84 

85-5 

74-16 

2*0 

11-342 

14- 

30-00 

^<88- 

49-44 

62- 

63-15 

86* 

74-37 

•1 

11-622 

' 14-5 

30-54 

^38*5 

49-76 

62-5 

63-40 

86-5 

74-69 

•2 

11-896 

15- 

31-06 

39- 

50-()8 

63- 

63-65 

87- 

74-80 

•3 

12-163 

15-5 

' 31-57 

39-5 

50-40 

63-5 

63-90 

87-6 

76-02 

•4 

12-425 

16- 

32-08 

40- ^ 

50-72 

64- 

64-16 

88- 

76-23 

•5 

12-68'; 

16<3 

32-57 

40-5 

51-04 

64-6 

64-41 

88-5 

76-46 

/6 

12-932 

17- 

33-06 

41- 

51-35 

66- 

64-66 

89- 

76-66 

^7 

1^-179 

17-5 

33-55 

41-5 

61-66 

65-5 

64-90 

89-5 

76-87 

•8 1 

141-4-20 

18- 

34-02 

42- 

51-97 

66- 

65-15 

90- 

76-08 , 

•9 

13-658 

18-5 

34-49 

42-5 

62-28 

66-6 

65-39 

90-5 

76-29 

' 3J0O 

.. 13-891 

19- 

34-95 

43- 

52-59 

67* 

65-64 

91* 

76-62 

•1 

1A-I2r 1 

19-0 

35-41 

43-5 1 

62-89 

67-6 

65-89 

91-5 

76-71 

•2 

14-347 

^ 20- 

35-86 

44- 

63-20 

68- 

66-15 

92- 

76-92 

» *3 . 

14-569 

20-5 

36-31 

44-5 

53-55 

68-5 

^)-38 

92-6 

77-46 

•4 

14-789 

, 21- 

36-75 1 

45- 

53-80 

69- 

66-62 

93» 

77-34 

•5 

16-004 

21-5 

37-18 

45-5 

54-09 

69-6 

66-86 

93-5 

77*66 

/G 

15-217 

22- 

37-61 

46- 

54M9 

70- 

67-13 . 

94- . 

,77*85, 

•7 

15*427 

22-5 

38-04 

46-5. 

54-69 

70-6 

67-34 

944 

77-96 . 

•8 

15-634 . 

23- 

38-46 

47- 

54-98 i 

71- 

67*58 

95- 

78-17 

•9 

l.V839> 

23-5 

38-87 

J7-5 

55-27 

71-5 

67-81 ■ 

95*5 

78-37 

4-0 

16-040 

t 2^4- 

39-29 

C 48- 

55*56 

72- 

68-05 

96* 

78-68 

•1 

16-210 

24-5 

39-69 

1 485 

55-85 

72-5 

68-28' 

9^5 

7S'iH ‘ 

•2 

16-43L 

25- 

40-10 

49- 

56-14 

73- 

68-52 

97* 

^6-99 

•3 

16/^r 

25-5 

40-50 

49-5 

56-42 

73-5 

68-75 

97-6 

79-19 



26- 

40-89 

5C- 

56-71 

7'i- 

68-99 

98- 

'79-29 

^ -5 

• 17 -m 

26-5 

.41-28 

60-5 

66-99 

74-6 

69'22 

98-5 

^9-69 

*^6 

17-201 

27- 

41-61 ! 

51- 

57-27 

75- J 

69-45 

99- 

. 79-80 ; 

f 

17-387 

27-6 

^’42-05 

51*5 j 

67t>6 

76-6 

69-68 

* 99-6 

79'90'" 

- 

, *- 








:'J 
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Table D.* 


Fire Streame, 

1 required at nozzle and at pumo. with qnantit/^and pressure necessary to throw 

food efiectiw streams -various distances tlirough different size nozzles, using 100 feet of 
ordinary 3^*mch rubber-lined hose and smooth nozzles. 

% J. R.*F1IKEMAN. 




OF Nozzle, | 

INCH. 

1 

Pressure at Nozzle, in lbs. per sq. in. 

40 

r>o 

00 

70 1 

8(1 

yo 

100 

Pressure at Tump, „ „ „ 

Impefial Gallons per Minute 
"Distance thrown Horizontal, in feet . 

40 


OK 

m I 

!)l 

102 

114 

80 

\n\ 

11)5 

114 

122 

129 

186 

44 

50 

54 

r,K 

02 

05 

68 

Distance thrown Vertical, „ 

00 

07 

72 


1 J'L 

81 

83 


Size of Nozzi.k, J incfi. 


Size op JS'ozztiE, l inch. 


Pressure at Nozzle, in lbs, per sq. in. 
Pressure at Pump, „ „ „ 

Imperial Gallons per Minute . 
'DUtanee thrown Horizontal, in feet . 
Distance thrown Vertical, 


Size op Nozz .k, 1| inch eh. 


^Pressure at Nozzle, in lbs. per sq. in. 
Pressure at Pump, „ ,, 

Imperial Gallons per Minute . 
Distance thrown Horizontal, in feet. 
Distance thrown Vertical, ,, 


40 

50 ‘ 

00 

70 

80 

09 

80 

io:i 

120 ' 

• 138 

127 

221 

241 

200 

279 

59 

00 

72 i 

77 

HI 

05 


8:-i 

8K 

92 


Size of No/zek 1^ inches. 


Size of Nozzle, 1§ inches. 


Pressure at Nozzle, m lbs. per sq. in. 
iPres^re ^ Pump, „ „ „ 

Imperial Caltons per Minute . 
Distance th ^wit Horizontal, in feet . 
Distance thrown Vertical, „ 


Pressure at Nozzle, in lljs. per sq. in. I 
PreKiure at Pump, „ „ „ 

40 

.50 

00 1 

70 

80 

90 

100 

50 

03 

75 1 

88 

101 1 

113 

126 

Imperial Galleys per Minute . 

118 

132 

144 1 

150 

107 

177 

186 

Distance thrown Horizontal, in feet. 

49 

55 

01 1 

60 

70 

74 

76 

Distance thrown Vertical, „ 

62 

71 

77 

81 

1 

85 

88 

90 


40 

,50 

0(1 1 

70 

80 

M 90 

100 

58 

72 

87 ' 

101 ' 

115 ' 

130 1 

144 

1.54 

173 

189 ' 

20-! 

MS 

232 

245 

5.5 

01 

07 

72 

1; j 

80 

83 

04 

73 

79 

85 

89 

92 

96 


90 

100 

155 

172 

‘ 296 

.ni2 

85 

89 

90 ! 

99 


Pressure at Nozzle, in lbs. per sq. in. 

40 

50 

00 

70 

80 

90 

100 

Pressure at Pump, „ „ „ 

84 

100 

. 127 

118 1 

109 

190 

2U 

Imperial Gallons per Minute . 

240 

275 

.301 

325 j 

348 

.308 

.368 

Distance thrown Horizontal, in feet . 

03 

70 

76 

81 


m 

93 

Distance thrown Vertical, „ 

1 


77 

85 

91 1 

/ 95 ' 

' 99 

101 


40 

50 

00 

70 

80 

90 

100 

*b)7 

134 

100 

187 

214 

240 

268 

301 

337 

309 

398 

420 

462 

476 

06 

73 

79 

81 

88 

92 

96 

09 

79 

87 

92 

67 - 

-to 

100 

103 


The* above pressures are based on the supposition tbit th#hose is coj^ded direct to the 
delivery of the pump ; if, however, the hose is coupled to a hydrant which i^^pplied direct 
from the pump, then the co' < aponding fire pum^ pressure must be greater th^the hydrant *• 
pressure by an amount etpial to friction los^, and difference of head between hyjrant 

^The'^^stanpe* given ar?for e1feetive£\i\i streams adapted tor fire purposes, and are not for 
mere isolated drops. 
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A'dhosion, 5 

\dmixiuro of fluid in lupc'?, 215 
Air churgin}^ devices, (i2fi 
„ cornpresHor, 70(1 

flow ofj-throu^di pijieF, 1U'.1|214 
,, lift pumps, 
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„ ,, „ pumps, 072 

Ball nozzle, 81 

Barit’s 4y • • 

Barnes, H. T., 13, 64 
Barr, J., 153 

Bazin, 2, 145, 149, 100, 197, 212, 290 
Bell mouth wifiee^^l 19 
Bends in pipe, losses, due to, 251 
„ river, flow round, 320 
Bernoulli’s theorem, 73 
Billon, H. a., 105 ^ 

Borda’s mouthpiece, 112 . 

„ turbine, 475 
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I Bore, 317 

I Bough, vibration of, 49 
I Boussinesq, 139 • * 

Boydeu s dilTuM'i, 177 
Brake, hydraulic, 782 
Bramah, 19 
Branch mams, 203 
Bri'ast w'hecl, 431 
Brightmore. 253 
Broad cresfed weirs, 159 
Brown, Hanbury, 132 ^ 

Buckets, design of, for I’elton wheel, 446 
„ form of jf ,, 445 

„ number of „* „ 446 

Buffer stop, hydraulic, 782 
i-ye-pass, flow along, 200 


( 1 % 

(’ALlURATioN of cuiront meteft, 355 
(’apillurity, 7 • 

('apstan, hydraulic, 778 
Castcl, 118 • ^ 

Cavitation 000 
Centre of buoyancy, 32 
„ pressure, 20 
„ „ on vaii^381 ^ 

Centrifugal pumps, 03t^ • 

„ air vessel for, 640 

, circulating, 663 ’ ^ 

„ „ balancing of end thrust, 

072 


.. , BulTalo, 640 

,, chang| of pressure in, 
052 

< t • * ^ compound, 605 

examjffcii^of design, 676 

for dredj^W, 631 

• • , general eqiltioii for, CG8 

guide vanes, 634,013/, 004 
.. • Holden and Brook, 643 ■ 

„ ,, Matl!fer*J«yuoMs, 042 
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Centrifugal pumps, peHpiieral speed, 667 
„ ^ „ Rateau, 643 

„ „ similf^*, 668 

„ size f^r given discharee* 

668 

„ „ speed for lifting to com- 

mence, 667 

„ „ ' suction and delivery pipes, 

646 

„ „ Rulzer, 640 

„ „ theory of, 646 

„ „ volute chamber, 633 

„ ' „ whirlpool chamber, 634, 

f..)4, 663 

„ „ Woril;:ngton, 644 

Change of level produced by boat, 328 
tt n V piers, 326 

Channel circular, 301 

flow through open, 28!) 
general equations of flow, 307 
most suitable form of, 298 
of constant mean velocity, 302 
rectangular, 299 
trapezoidal, 299. 
with borij ontal bed, 325 
Chezy, 196, 290 (I 
Cippoletti, 156 

Circular pipe, viscous flow through, 68 
„ orifice, 130 
Coal hoists, 767 

Coefficient of contraction, 104, 110 
„ „ discharge, 104, 1 10 

„ . „ velocity, 104, 108 

„ „'“vi8r';'sity, 11 . 

Cohesion, 6 
Coker, E. G., 13, 64 
,, Compounding of jets, 383 

„ „ confined streams, 384 

, OompouAcr^pumpu? '*65 
,, . turbines, 6o9 
" Co^iplfessibility of water, 3 
<^ntraction of area, 93 
Contraction, suppressed, 106 
Gonyerging channels, 79 
, Cranes, hydralio, 760 
^ Crane valves, 760 ^ 

^ ('ritioal velocity, 61 < 


in open chnihiel, 2'J7 
tptai 


Cunningham, Captain, 358 
Cusrentiaet^ 360 

L „ ffating of, 366 
weir, 147 

I strength of thick, 68 


I 

t U. , 

D'Alehbebt, 2 

Dams, effect on water level, 318 
Darcy, 2, 196, 211, 290 
Davis, G. J., 267 
D’Aubuisson, 196, 322 
I Deep well pumps, 590 
! Delivery pipes for centrifugal jfcmp, 645 
Design of centrifugal primps, 6'A'i^', 

„ head and tail races, 627 ' 

Diffuser ,for turbine, 477 

„ ring for centrifugal pump, 63l, C55, 
664 

Disc friction, 179 

Discharge from pipes, measurement of, 217 ' 
„ „ „ variations in withdifr 

meter, 221 
„ „ open channel^ 289 

Displacement curves, for reciprocating pumps, 
600 

Distribution of velocity in pipes, 211 

„ „ „ open channels 

332 

„ water, 269 

Divergent pipes, loss in, 84 
Dock cranes, 753 
Dock gate machinery, 775 
Draught tubes, 483 
^ Dubuat, 343 
I Dufour, 6 

Dynamometer, hydraulic, 792 


E. 

Edbt formation, reason for, 70 
Elasticity of water, 4 

„ „ suction column of pump, 

616 

„ effect of, on w’ater hammer pres- 
“ sure, 234 ' ^ 

Enlargement of section, 82 
Equations of motion for a viscous fluid, 68 
EquilCbriura of floating bbdi^s, 32 , ap, 
Equivalent diameter of uniform main, 262 
Erosive power of water, 343 * 

Eulerian equations of motion, 58 
Eytclwein,2, 197, 291 , ■« 0 

^ V 

Fidler, C., 296 
Fliegner, 644 
Floating bodies, 32 
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■f. rojf,860 
Jr sab-surface, 859 
surface, 358 
„ twin, 360 ^ 
flotation, <jprve of, 37 
flow in ling pipes, 261 
„ in opet^hannels, 289 

^ * gauging of, 346 

, ,,* „ .1 ^ non-uniform, 211 

„ round river bends, 330 
„ ^through nozzles, 278 
fluid, definition of perfect, 1 5 
„ friction, 174 

Fly-wheel efl^pct in turbine regulation 

ah 

Forging press, 766 
Foumeyron turbine, 475 
Ftancis, 2, ul* 487 
Francis turbine, 487 
freeman, 209 
friction of U leathers, 725 
froude, 2, 175 
Fteley, 141, 144, 158, 162 

G. 

Galileo, 1 
Ganguillet, 197, 292 
Gates for turbines, 488, 624 
Gauges, 19 

„ differential, 21 
Gauging of flow in open channels, 316 
>7 M ,1 I, flcld 

observations, 347 
1 , M pipes, 217 

M ,) „ ice covered streams. 

364 

Girard turbine, 466, 658 
Goodman, Prof. J., 611 
Goveaning of turbines, 515, 666 
Gladnal initiation of pipe flow, 230 
„ 8tdi)page „ „ 222 

Graphical construction for pressure on t^irbjn ' 
* valneSj^C, of2 

Guide vanes frt high lift centrifugal pump, 
656, 664 

„ „ ^ for l»urbinc, 489, 506 

Guttermuth valves, 592, 696 

H. 

Haenel turbine, 464 
Hagen, 2, 196 • ^ 

Head, pressure due to, 16 


H^d races, 627 
Heiglrt of jet, 279 
Hele Shaw, 46, 77| 

Hemp n;‘f kings feg rams, 72f 
Heneheli^., 734 
Hicks, 726 

High lift centrifugal pumps, 638, 640 
Hoists, 742 • 

Hook gauge, J([)9, 347 
Horse power of pumping engine, 280 
„ through pipe line, 716 
Humphrey gas pump, 708 
Hydraulic appliances, i ' 

air compressor, 693, 706 
brake #rf>uffcr stop, 782 
capstan, 778 
coal hoists, 757 
cranes, 760 
dynamometer, 792 
engine, 571 
„ Armstrong, 674 

„ Brotherhood, 671 ‘ 

„ Hastie, 673 

„ port areas^ 1)76 

„ Rigg. 8^ 

„ theory (W, 675 

forging press, 766 
gradient, 247 
jack, 762 
jigger, 760^ 
lifts and hoists, 742* 
locj^-gatc machinery, 776 
mean depth, 194 
minings 409 ^ 

penstocks, 776 
presses, 18, 764 
pump, 600 
ram, 68S 

„ diagnij^ij^oi^, uBT, 692 
„ Decceur’s, 689 
„ efficiency of, 686 * 

for air compression, 693 ' 

„ Pearsairs, 691 
„ sources of loss, 687 
recoil cylinders, 787 • 
relays, 617 ^ 

riveters, 77^ 
transmission g^, 779 

„ of 710 

,» of ep^gy at Mpq 
(ffiester, 711^ 

% „ of energy in l%doi] 

• 713 


f " 


I 
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Hydraulic transmission' losses in use, 717^^ 
„ ( „ losses, 715 *. 

Hydraulicing, 409 ( 

Hydromctric p^fiduium, 3l?3 

J. 

Ice covered stroasiis— gauging of, 361 
. ; formation, 528 
Impact of jets, 366 ^ 

Initiation of motion, 210 
Injector hydrant, 698 
Intensifiers, 724 
Inverted byplioii, 278 


J. 

Jack, hydraulic, 7G2 
Jets, 366 

„ actual force of impact, 370 
„ compounding of, 3S3 
., distribution of pressure across, 374 
„ form of, 123 

from n6vidle nozzle, 45!) 

.. impact of, 3(J^ 

„ on st'^pionary vanc'., 367 
„ ,, on curved vanes, 36!) 

„ „ on surface of revolution, 36!) 

„ „ on single moving vanes, 376 

„ .. normal on stationary vaj;es 

367 •• 

„ ,, ofelique on stationary tvancs 

:i68 * ^ 

„ propulsion. 404 
„ pump, 693 ' 

Jigger, hydraulic, 750 
ilonval turbine, 479 
Jiteslj, 704 
JowkowS^ 239 

• K. 

Kennedy, 345 
Kufter, 197, 292 , 


‘Log|irithmic homologues, 5jl 
Long pipes, 261 
Longridge, M., 214 
Losses at bends and elbows, 251 
„ at exit, 258 ^ 

„ at sudden enlargements, 8|| 
„ at tee branches, 255 
„ at valves, 249 
„ in pipe lines, 24^ 261 


M. 

Manning, 292 
Masonry dams, 31 

Mean velocity in open channels, 842 
„ „ in pipes, 213 

Measurement of pipe discharge, 217 
Meissner, 484 
Metacentre, 33 
Motaccntric height, 33 
Meters, current, 350 
„ water, 727 
Meunier, 469 
Milling, hydraulic, 409 
Motion of a viscous fluid, equations of, 58 
„ initiation and stuppagc of, 240 
Multiple supply, 265 


N. 

New American turbine, 513 
Niagara turbines, 477, 491 
Normal motion of submerged plane, 386 
„ impact of jet, 367 
Notch, flow over, 137 
„ rectangular, 138 

„ trapezoidal, 155 

,, triangular, 151 
Nozzles, ball, 81 

flow through, 278 
„ needle, 469 * 

„ ring, 280 


'• L. 

.Law of comparison f(* orifices, 13.) 

^ ^ pumps, 665 

Lawford, 202 
Leakage in pi^ps, 594 
Leather collars f6r rams, 725 

of symbols, xvib 


OnugirE impact on plate, 36?! 

„ motion of submerged nlane. 388 

Oil, flow of, 210, 216 ’* V 

Open channels, flow in, 289 
11 11 silting, of, 343 

Orifice, boll mouthed, 119 
„ in flat plat^, 115 
11 « large rectangular, 12? * 

„ „ circular. 180 
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Orifice partially |ubmerge(J, 134 
„ small, 102 
^ sSbmergetl, 107, 132 

*time of discharge from, 121, 170 
^ Oscillations of ships, 36 
Overshot ^ccl, 4^6 


v^eels, 4021 

Parallel plates, flow between, GG 
Peasiwll’s hydraulic ram, G91 
Pelton wheel, 285, 439 

„ form of buckets, 445 

„ rmmber of buckets, 44G 

* „ speed regulation of, 285, 447 

.. theory of, 442 

Piezometer, 19 
Pipe flow, 19^246 
Pi[)es, strength of, 38 
„ convergent, 55 
„ divergent, 81 
„ trumpet-shaped. 87 
Pipe line losses, 246 
„ „ accessories, 271 

„ „ distribution systems, 273 

Pipes in pjtrallel, 2G7 

„ maximum i)Ower tli rough, 286, 71 G 
multiple supply, 265 
Pitot tube, 217, 362 
Planes, normal motion of, 38G 

„ oblique motion of, 388 

Pofseuille, 2, 195 
roncelci wheel, 435 
Press, hydraulic, 1 9, 764 
Pressure at a jxniit, IG 
„ energy, 73 

„ change of, across stream lines, 95 

„ exerted on plane by jet, 381 

^ gauges, 19 , • 

l^inciple of angular momentum, 58 
„ lAear momentum, 58 
^ conservatipn of energy, 58 • 

Prt5^, lUli, 291* 

Propulsion of ^’fps, jet, 404 
„ „ screw, 402 

„ ^ # power for, 404 

Pumping machinery, 579 
Pumps, air lift, G99 

„ air vessels on, li 1 7, G21 • 

„ centrifugal, 630 
„ deep w#ll, 590 
„ drum, 627 


Pimps, gas, 708 ^ • 

„• hydraulic, 600 
,1 jet, 693 I 
„ 'tiiprocaUng, 582 
M s^w, 581 
„ separation in, G06 
Pump valves, 591 


Radial flow7 79 
Ram, hydraulic, 683 
„ water, 232 
Rankinc, 2, 393 
Rateau, 643 

Rating of curronbilfl'ters, 355 
„ „ Pitot tulxis, 220, 3G2 

Reciprocating pumps, .582 

» M cocfflcicnt of discharge 

of, GOO 

i< •) displacement curves, 

GOO 

. M efficiency of, 626 

.. ,. leakage ^iid slip in, 

591* 

rnj^rnum speed of, 608 
sep»ation in, 006 
tlieory of, 601 
types of, 582 
,, vidves, 591 

n »i ^variation of pressure 

in, OOi 

Recoil cylinder's, 787 • 

Rectangular not ch. 1 38 
„ orifi(«», 128 
Reducing valve, 273 


Relays for governors, 517 
Relief valves, 521, 723 
Resistance of ships, 393 
Resultant pressure, 26 
Reynolds, O.sborne, G, S, 198, 792 
Riedler, 596 
Ripples, 361, 419 

Rise in water level produced by dam, 167 
1 ) bridge piere, 826 

M „ ve.ssel, 33® 

Riveters, hydraulic, 772 ^ 


^iudrier action, 391 • 


turbine, 5U 
Sand pumps, 631 • 

„ flow ofji210 
Schwler, E. W., 255, 257# 



Scoop wheel, 679 ^ 

Scott Russell, ^96 

Scouring and silting of op #4 channels, 313 
Screw propulsioTi, 402 

„ pump, 681 * tr 

Sewers, 306 

Ships, resistance of, 393 
r „ propulsion di, 401 

\^t%hility curve, 34 ^ 

„ metacentric height, 33 
,, oscillations of, 36 
„ suction between, 32'J 
Side wheel, 432 
Silting, 843 

Similar orifices, 135 * 

„ pumps and turbines, 6C3 
Slip in pumps, 594 
Sluice valvt's, 776 
Small orifices, 102 
Smeaton, 431 

Smith, Hamilton, 2, 10.5, 1 1 4 
Snoqualmic Falls, 601 
Speed regul%*,ion of Pell on wheel, 285, 447 
„ „ ‘ turbines, 515 

Standing waves, a,f:, 314 
Stand pipes, 620,%>64 
Stanton, 215, 389 

Steam-hydraulic forging press, 770 
Steams, 141, 144 
Stevinus, 1 • 

Stoppage by Jtradual closing of valv^25 
„ ' of motion in pipe o^ uniform bore 

222 


Strewn lines, 45"! 

„ „ change in pressure across, 95 

„ line motion, 44, 65 
,, rfiting curves, 363 

Submerged bodies, resistance to motion of 
. ' 

„ orifices, 107, 132 

• „ weirs, 167 

Suction between ships, 329 
„ pipes for pumps, 645 

„ tube, 483 

Sudden contraction of area, 93 

„ enlargenie^it of cross section, 82 
initiation „ , 240 • , 

stoppage pipe flow, l32 
^^»t,J„fi8sed contraction, 106 f 

Igurface tensfc, 7 ^ * 

Swrl^ipes, 52(^ 564 ^ 

fluepension bearing, 482, 494 # 

Symbolfl used in boak, xvii. 


bypjion, 273 
„ inTcrted, 278 


T. 

Tail race, 627 
Taper pipes, loss in, 84 
Tee branch— losses at, 2.55 
Thomson, James, 152, 496, 606 c 
Threlfall, 214 , 

Thrupp, 203, 296, 361 ^ f 

Time of discharge from notches, 174 
„ „ „ small orifices, 121 

„ „ „ through .pipe line, 261 

Torricelli, 1 

Transmissibility of pressure, ^8 
Transinission of energy (hydraulic), 710 * 
Trapezoidal weirs, 155 
Trumpet-shaped pipes, 87 
Triangular weirs, 151 ® 

Turbines, Amciican type, 511, 557 

„ balancing of end thrust, 604, 564 

Barker’s mill, 471 
„ Borda, 475 

classification of, 464 
„ comparison of, 563 

compound, 609 
„ Cone, 483 

„ fly-wheel efffect, 667 

Foumeyron, 476, 61*8 
Francis, 487 
Gates, 438, 524 
„ Girard, 465, 558, 

„ governing of, 615, 665 

„ Haeiiel, 464 

„ Impulse, 464, 558 

„ Jonval, 479 

• losses in, 547 
New American, 613 
, Niagara, 491 

pressure, 47^ 

Samson Leffel, 514 
Shawinigan, 490 ‘ 

Snoqualmie Fn^ls, 502 
theory of, 630 • 

Thomson, 496 • 

,, Victor, 512 

„ Vortex, 496 ^ 

Tutton, 203 

U. 

Undeiishot wheel, 434 

Unwjn, 166, 180, SRi2 
Utilization of water powers, 422 
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VAHIfOT, 922 , 

109^ due to, &c., 249 
!, pump, 591 
„ reducing, 273 
^ 621, 723 

Van Iter8on^221 
Vanes, turbine, curvature of, 662 
^ ^ ^ effect of thickness, 650 

TelScity cmiChl, 61, ^7 

of approach, 120, 142 
„ of flow in open channels, 343 
„ mean in pipe, 213 

„ „ in open channel, 337 

^ mid depth, in open channel, 342 
Vena CQntractatt02 
Venturi, 2 

„ meter, 81, 734 

Vessel, chan^ of level around, 328 
Victor turbines, 612 
“Viper," 407 
Viscosity, 11 
Viscous flow, 68 
Volute chamber, G33 
Vortex chamber, 634 
„ compound, 08 
„ forced, 96 
„ free cylindrical, 96 
„ free spiral, 97 

„ motion, 95 

Vortices, 46 

W. 

VVAf ER, adhesion of, 6 
„ bulk, modulus of, 3 
„ ' cohesion of, 6 
„ compressibility of, 3 
„ density of, 3 


WaA^r hammer, 23f 

„ hoisting from nfines, 682^ 

„ %ieters, 727 a 
„ Dea®n, ^4 • 

„ „ infertntiaf, 730 

low flessure, 728 , 

, „ positive reciprocatiog, 733 

V „ „ rotary, 731 

„ meters, Fenturi, 81. '134 
„ physical properties of, 2 
„ powers, utilization of, 422 
„ ram, 232 
„ viscosity of, li 
„ weight of, 3 
„ whecLs, 422 
,. „ bre^fet, 431 

„ „ overshot, 426 

„ „ Pelton, 439 

„ Poncelet, 435 

„ „ Sagebien, 432 

„ „ undershot, 434 

“ Waterwitch," 407 
Wave-making resistance, 395 
Waves of oscillation, 416 
„ „ translation, 414^ 

„ velocity of, 415, 417, 

„ standing, 312, 314 
Weirs, broad-crcstcd, 159 
Cippoletti, 156 
„ curved, 147 » 

„ rectangular, 138 

., snbmerjipd, 157 
trapezoidal, 155 
„ triangular, Iftl 

„ use of as measuriag i^pliance, 168 
Weisbach, 2, 197, 252 
Whirlpool chamber, 634, 664 
White, Sir W., 396 

Williams, (4. B., 162, 953^ 
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